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ABSTRACT 
Activation in the hippocampus (HC) and prefrontal cortex (PFC) is critical 
to accurately retrieve overlapping sequences. Experiments 1 and 2 tested the 
hypotheses that activation in and interaction between HC and PFC increases as 
overlap between sequences increases in a non-spatial task. Experiment 3 tested 
the hypothesis that theta oscillations are involved in orchestrating interactions 
between HC and PFC in a spatial task with overlapping elements. 
 In the first two studies, 17 participants (aged 18-34; 11 female) learned 
sequences consisting of a picture frame, face, and scene. Conditions varied by 
degree of overlap. 
 Using fMRI, Experiment 1 tested how degree of overlap affected HC and 
PFC activation. In overlapping sequences, middle and posterior HC were active 
when predictability of the correct response increased, dorsolateral PFC was 
active when participants were able to ascertain the correct set of sequences, and 
ventrolateral PFC was active when inhibition of interfering associations was 
required.   
 Experiment 2 examined functional connectivity of HC and PFC during 
disambiguation. Low- and high-overlap conditions were associated with 
increased connectivity in separate regions at different times indicating that 
       vi 
retrieval under the two conditions used different neural networks and strategies. 
Low-overlap trials were associated with increased connectivity between HC and 
prefrontal and parietal regions. High-overlap trials showed increased connectivity 
between lateral PFC and visual areas, indicating that imagery may be necessary 
for accurate performance. 
 Using EEG recording, Experiment 3 examined theta activity during 
retrieval of well-learned, overlapping and non-overlapping mazes in 17 
participants (aged 18-34, 11 female). Theta activity increased in overlapping 
mazes during the first of four hallways, suggesting participants were looking 
ahead to upcoming turns in the maze. Theta activity increased at the beginning 
and choice point of the third overlapping hallway, possibly in response to 
interference from the paired, overlapping maze.  
 These studies provide evidence that (1) overlapping associations in non-
spatial sequences elicit interactions between hippocampus and lateral prefrontal 
cortex, (2) increasing the degree of overlap changes the neural processes 
required to perform the task, and (3) theta power increases in response to 
increased cognitive demand and maintenance of sequence information needed 
to differentiate between overlapping spatial routes.  
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One of the many wonders of the brain is the ability to experience multiple 
events in the same place and maintain discrete memories of each episode. In 
this thesis I will attempt to contribute to understanding the neural basis for 
disambiguation of overlapping associations in episodic memory.  What are the 
neural processes that allow us to keep individual memories separate that share 
overlapping features? How do neural processes change as the amount of 
overlapping information increases? What role do cortical rhythms play in retrieval 
of overlapping sequences? 
1.1 HIPPOCAMPUS IN CONTEXT-DEPENDENT MEMORY 
 Episodic memories consist not of a single item but a sequence of items or 
events, often bound to a context.  Hippocampal lesions in animals and people 
produce impairments in relational and sequence learning tasks including context-
dependent memory tasks (Fortin et al., 2002; Kesner et al., 2002; Greene et al., 
2006). Similarly, hippocampal engagement is predictive of memory for contextual 
details (Davachi et al., 2003; Kensinger and Schacter, 2006; Ranganath et al., 
2004). In a series of experiments, Komorowski et al. (2009, 2013) delineated the 
roles of hippocampal subregions in context-dependent memory retrieval.  In one 
cage (context A), rats learned that one of two odors was rewarded (odor X) and 
in a second cage (context B) the other odor was rewarded (odor Y). Using 
electrophysiological recording they found that neurons dorsal hippocampus (HC) 
initially coded only for position but after learning, cells fired in response to one of 
the two odors in one of the two contexts (Item-Position cells). Cells in ventral HC, 
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on the other hand, became tuned to one of the two contexts but did not code for 
items within the context. These results indicate that the dorsal (posterior in 
humans) HC is involved in processing detailed information about a stimulus or 
event while the ventral (anterior in humans) HC is involved in general 
representation of the context in which events occur.   
 Similarly, in a temporal sequence retrieval task using functional MRI, 
Hsieh et al. (2014) found greater hippocampal pattern similarity for objects in 
learned sequence positions than for the same objects in random positions or for 
different objects in the same position. Eichenbaum et al. (2012) proposed an 
organization to the medial temporal lobe (MTL) that consisted of two processing 
streams: the “what” stream begins with sensory afferents sending information 
about objects or items from association cortices to the perirhinal cortex which 
then relays this information to the lateral entorhinal cortex and then to the dorsal 
HC, the “where” stream sends visuospatial information from parietal and 
retrosplenial cortices to the parahippocampal cortex, then to the medial 
entorhinal cortex, and on to the HC where item and position converge in the 
dorsal HC and context is delineated in the ventral HC. It is this convergence of 
“what” and “where” information that makes the HC integral to the formation and 
retrieval of context-dependent memory. 
 Other research in humans has shown a sensitivity to sequence repetition 
in the HC. Hippocampal activation increases when encountered items can predict 
the next item in a sequence and also when there is ambiguity around the next 
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item in overlapping sequences (Kumaran and Maguire, 2006; Ross et al., 2009; 
Turk-Browne et al., 2010; Brown et al., 2010). Sequence repetition may drive the 
development of predictive coding in the HC, which is particularly important when 
sequences share common elements. Evidence for predictive coding was found in 
dorsal HC neurons during a Y-maze task in rodents. When the animal stopped at 
the choice point, place cells with receptive fields in each arm of the maze fired 
rapidly, before the animal entered either arm. With learning, mental forward 
sweeps only occurred for the rewarded arm (Johnson and Redish, 2007).   
When a sequence of events has overlapping associations, often context 
combined with ‘looking ahead’ is key to retrieving the appropriate sequence. 
Brown et al. (2010) scanned participants while they navigated through well-
learned mazes. Half of the mazes shared a common hallway. To successfully 
navigate at the end of the overlapping hallway, the participant had to either think 
back to the first two hallways to recall which maze he was in, or think forward at 
the beginning of the first hallway to recall which way to turn at the end of the 
overlapping hallway. Retrieval effects in the first hallway found that overlapping 
mazes evoked stronger activation in bilateral hippocampus and parahippocampal 
cortex than non-overlapping mazes.  In the critical, overlapping hallway, they 
found increased activation in the right posterior hippocampus, the right 
parahippocampal cortex, and the bilateral orbitofrontal cortex in the overlapping 
mazes compared to the non-overlapping mazes. When participants in this study 
were asked about strategy for retrieval of this task, nine of the 14 reported that 
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they identified the maze from the first hallway and maintained the information 
until they got to the end of the critical hallway whereas the other five reported a 
retrospective strategy, looking back to the start of the maze from the end of the 
critical hallway. 
  One model of the role of the hippocampus in context-dependent memory 
retrieval focused on splitter, or episodic, cells in the HC (Hasselmo and 
Eichenbaum, 2005). The firing of these cells is dependent on the context of either 
a recent experience or a future goal (Wood et al., 2000). In this model, being in a 
given place triggers forward retrieval of all events experienced in that location 
(forward association) but temporal context inhibits retrieval based on when an 
experience occurred. The combination of these two processes enables accurate 
retrieval in a context-dependent task. 
1.2 PREFRONTAL CORTEX IN CONTEXT-DEPENDENT MEMORY 
 Context-dependent memory retrieval relies not only on the HC but also on 
the prefrontal cortex (PFC). Evidence suggests that the prefrontal cortex controls 
retrieval of memories in the hippocampus by suppressing context-inappropriate 
memories (Eichenbaum, 2017a).  Patients with damage to lateral PFC do not 
show impairments in episodic memory but are impaired when information must 
be remembered under interference or distraction conditions or when they must 
remember the source or context of information learned (Shimamura et al., 1990; 
Schachter et al., 1984, Simons et al., 2002). The ventral (anterior in humans) HC 
sends outputs to medial PFC, which accumulates information about the context 
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of related memories. Interactions between the PFC and HC may then create 
contextual representations that link related memories. Neural ensembles in the 
mPFC have distinct fire patterns that are dependent on behavioral context 
(Hyman et al., 2012) and are reset when task rules change or become 
ambiguous (Karlsson et al., 2012; Durstewitz et al., 2010).  
 McClelland et al. (1995) first proposed that new memories are initially 
represented within the hippocampus and that during consolidation these 
memories become part of related networks in neocortex.  Indeed, sequence 
replay by hippocampal cells is an important part of consolidation and is 
accompanied by synchronization of neural activity between the HC and PFC 
(Siapas et al., 2005; Benchenane et al., 2010; Colgin, 2011). Preston and 
Eichenbaum (2013) suggested that the role of the PFC is to accommodate new 
information or events into existing schemas through schema modification. While 
this model explains transitive inference in the case of overlapping information, it 
does not account for how overlapping sequences are kept separate in the case 
of sequence disambiguation.  
 Pattern separation can more fully account for how we are able to keep two 
sequences separate despite overlapping elements. High-resolution functional 
magnetic resonance imaging (fMRI) studies in humans have shown that the 
dentate gyrus (DG) and CA3 are involved in pattern separation (Bakker et al., 
2008; Yassa et al., 2010, 2011; Lacy et al., 2011; Berron et al., 2016). The 
orthogonal nature of hippocampal representations allows continual remapping to 
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occur between items and context and may allow for the creation and storage of 
unique associations between closely related items (Buszaki and Moser, 2013).   
Hasselmo (2005) suggested that disambiguation of overlapping sequences is 
accomplished by context information in the DG/CA3 gating the output from the 
third layer of the entorhinal cortex to CA1. Despite several studies examining the 
role of the hippocampus in pattern separation, there is little understanding of the 
role of the prefrontal cortex in this process. One study examined cortical 
activation during encoding of similar and overlapping items and found activation 
in the occipito-temporal cortex, including the left fusiform gyrus, and in the lateral 
PFC. Cortical activation during retrieval of items requiring pattern separation has 
been relatively unexplored. 
 Eichenbaum’s most recent model of context-dependent memory proposed 
that the anterior HC is critical for organizing memories in the context in which 
they occur (2017b). Contextual information is then transferred to the PFC, and 
the PFC is responsible for retrieval of the appropriate context-specific memories 
from the posterior hippocampus. He also added an oscillatory component to the 
model proposing that the nucleus reuniens in the thalamus (Re) mediates 
oscillatory synchrony and the direction of information flow.  In rodents, 
information regarding contextual cues flows from the ventral HC to the medial 
PFC. The mPFC either retrieves context-appropriate or inhibits context-
inappropriate memory representations in the dorsal HC through the perirhinal 
and lateral entorhinal cortices. In this way the HC and PFC interact to ensure 
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retrieval of the appropriate memory for the context.  
1.3  THETA OSCILLATIONS IN HC-PFC INTERACTIONS 
 There is strong evidence from animal and human studies that cortical oscillations 
serve to enhance the flexibility and functionality of neurons and to coordinate the 
actions of disparate brain regions. In memory retrieval, particularly under 
cognitively demanding conditions, theta oscillations seem to play an 
organizational role, choosing the correct ensemble for the context from the 
multitude of ensembles in the PFC.  
Many studies on theta and memory retrieval thus far have utilized working 
memory tasks. Jones and Wilson (2005) first showed that theta was involved in 
cognitive tasks when they compared running behavior to a spatial working 
memory task in rats. Single unit recording showed correlated firing between the 
HC and PFC only during the working memory task. The firing in PFC was 
delayed by 50 ms indicating that HC was driving the activity in PFC. Siapas, 
Lubenov, and Wilson (2005) followed up on this study and showed that 80% of 
HC cells and 40% of PFC cells were phase-locked to HC theta.  
 At this same time, in the Hasselmo lab, functional interactions between HC 
and PFC and the role of theta in these interactions were being delineated.  
Hyman et al. (2005) found increased entrainment of PFC cells to HC theta that 
correlated with performance on a linear track task. In later investigations of HC-
PFC interactions, Hyman et al. (2010) found that phase-locking to theta 
correlated with accuracy on a delayed nonmatch to sample (DNMS) task leading 
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them to conclude that theta entrainment was needed for successful task 
performance.  In a reanalysis of the data, Hyman, Hasselmo, and Seamans 
(2011) restricted their analyses to a narrow epoch around the lever press and 
found that different ensembles of PFC neurons were active depending on 
whether the correct response was a right or left lever press. This led to the 
proposal that theta is not involved in direct transfer of information but is needed 
for choosing the appropriate PFC representation depending on the task.    
Benchenane et al. (2010) examined HC-PFC interactions on two reward 
contingency Y maze tasks.  They found increased HC-PFC theta coherence with 
rule acquisition that peaked at the choice point of the maze. Increased coherence 
after learning also correlated with formation of cell assemblies in the PFC. This 
finding supports the proposal that the HC, possibly through theta coherence, 
activates prefrontal representations appropriate for the current context and 
creates cell assemblies resonating together at theta frequencies. 
Much of the research on cortical oscillations during memory retrieval in 
humans has been done using intracranial EEG on epileptic patients. In one study 
(Ekstrom et al., 2005), participants navigated through a virtual town in a taxi 
either looking for stores that were in a fixed location or looking for passengers 
who changed locations. They found that when searching for passengers, the 
more cognitively demanding of the two conditions, there was increased theta 
activity in the neocortex. In addition, when searching for stores, they found 
decreased theta coherence between hippocampus and neocortex. This indicates 
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that theta oscillations may be necessary, or at least play an integral role, in 
performance of cognitively demanding tasks. Similarly, longer episodic memory 
tasks are associated with increased theta power and synchronization during 
recognition of previously studied items in left parietal cortex (Klimesch et al., 
2000). Other EEG studies in humans have also shown that theta increases with 
increased stimulus complexity (Gevins et al., 1999), increased memory load 
(Jensen and Tesche, 2002) and navigation of longer virtual mazes (Caplan et al., 
2001), suggesting that theta activity correlates with overall task demands.  
Some models suggest that oscillations may facilitate maintenance of temporal 
sequence information (Lisman and Idiart, 1995; Jensen, 2006; Lisman and 
Buszaki, 2008; Vogel and Fukuda, 2009). Hsieh et al. (2011) conducted a 
working memory study comparing the maintenance of temporal order information 
to item information and found increased theta over frontal electrodes during 
temporal order trials. Theta activity was significant only for those that performed 
well on the task. 
Staudigl and Hanslayr (2013) looked at subsequent memory effects using 
magnetoencephalographic recording during a context-dependent memory task 
and found that memory performance could be predicted by single trial theta 
power. Interestingly, theta oscillations can account for the predictive component 
of context-dependent memory retrieval. In a spatial navigation task during MEG 
recording, participants demonstrated increased theta power that was localized to 
the right HC during a cue phase, which predicted their subsequent spatial 
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memory performance (Kaplan et al., 2012). Similarly, when Johnson and Redish 
(2007) saw ‘look ahead’ place cell firing at the choice point of the maze, the firing 
often occurred in one theta cycle.  In another study, rats were trained to turn right 
or left on a figure 8 maze during recording in dorsal HC and the pattern of firing in 
cell assemblies could predict which direction the rat was going to turn seconds 
before the animal turned (Pastlakova et al., 2008). Taken together these studies 
suggest that, ‘look ahead’ sequences from the start of a maze to the goal, may 
be constructed through theta oscillation linking of cell assemblies.  
 Recently, attention has been paid to differentiating between low 
frequency, memory-related theta oscillations and slightly higher frequency, 
movement-related theta oscillations (Ekstrom and Watrous, 2014).  Much of the 
evidence in humans and animals indicates that movement-related theta may be 
involved in organization within local brain regions and memory-related theta is 
involved in organizing and synchronizing distant brain regions. Memory-related 
oscillations increase in coherence between HC and PFC in rodents (Benchenane 
et al., 2010; Fujisawa and Buszkai, 2011; Jones and Wilson, 2005). Similarly, 
increased theta coherence is seen in humans during accurate memory retrieval 
(Anderson et al., 2009; Watrous et al., 2013).  
 The spectral fingerprint hypothesis states that multiple frequencies may 
operate within the same network to accomplish different cognitive tasks.  One 
example of this is that movement-related theta may coordinate sensorimotor 
input from the parietal cortex to provide bottom-up information to the HC and 
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PFC while memory-related theta may coordinate context-dependent information 
critical for retrieval between the HC and cortical areas (Ekstrom and Watrous, 
2014). Spectral fingerprints may be the intermediary between neuronal circuit 
interactions and cognitive processes (Siegel et al., 2012).  
1.4 MOTIVATIONS 
 Overall the goal of this thesis is to better understand how we are able to 
maintain discrete representations of events in our lives despite the fact that these 
events often involve the same people or environments or activities. My approach 
to investigating this was two-fold – I used functional MRI to examine the 
activation and connectivity between the hippocampus and prefrontal cortex and I 
used EEG recording to look at how theta rhythms were involved in the process of 
sequence disambiguation.  I used tasks that had different levels of overlap in an 
attempt to see how neural processes change with increased interference and 
cognitive demand. While there are many studies that have looked at transitive 
inference in overlapping associations and pattern separation in the hippocampus, 
there are not any that have looked at non-spatial sequences with different 
degrees of overlap between stimuli.  In addition, disambiguation between 
overlapping spatial sequences has not been examined using EEG in humans 
prior to this study. 
 Chapters 2 and 3 employed a non-spatial sequence retrieval task that 
required disambiguating between overlapping associations during memory 
retrieval. This task had varying levels of overlap, or relational load, between 
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conditions – no overlap, low overlap, and high overlap. Experiment 1 examined 
whole brain activity as well as regions of interest within the medial temporal lobe 
and lateral prefrontal cortex in an effort to elucidate the neural mechanisms 
involved in increasing levels of cognitive demand.  Our results showed that the 
key factor determining level of neural activation was the predictability of the 
sequence at that time point. The different conditions allowed prediction of 
upcoming stimuli to different degrees and it was this ability to narrow down 
possible options that dictated the neural response. Experiment 2 examined the 
same task but with a focus on functional connectivity with the medial temporal 
lobe and lateral prefrontal cortex. Surprisingly, we found that the low and high 
overlap conditions elicited connectivity in different neural networks leading us to 
conclude that when the sequences have multiple overlapping associations the 
task must be done using different strategies. 
 Chapter 4 used a spatial navigation task similar to one used in a previous 
fMRI study in the Stern lab (Brown et al., 2010). In this task, participants learn 
twelve mazes, half of which share a hallway (overlapping mazes). Brown and 
colleagues showed increased hippocampal and parahippocampal activation 
during the cue and critical hallways and increased orbitofrontal activation during 
the critical hallway of the overlapping mazes. Using EEG recording, theta 
rhythms were examined using a similar paradigm and comparing overlapping 
and non-overlapping mazes. Results showed an increase in theta activity in 
overlapping mazes at time points where fMRI revealed hippocampal and/or 
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prefrontal activation, indicating theta may be involved in orchestrating the 
interactions between HC and PFC needed for disambiguation of overlapping 
mazes. Theta increased at the beginning of each maze, particularly in the 
overlapping mazes, indicating that theta may be looking ahead to upcoming turns 
in the maze. This result provides evidence that, like the rats in the study by 
Johnson and Redish (2007), humans may also retrieve correct responses in 
cognitively demanding situations by thinking through the upcoming challenge. 
 
 
 
       
15 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 2 : Predictability Matters: Role of the Hippocampus and 
Prefrontal Cortex in Disambiguation of Overlapping Sequences 
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2.1 INTRODUCTION1 
We often rely on contextual information to retrieve specific events or 
sequences of events. Accumulating evidence indicates that interactions between 
the hippocampus and prefrontal cortex are critical to the retrieval of events with 
overlapping elements that rely on contextual information (Rich and Shapiro, 
2009; Brown et al, 2010; Brown et al., 2012). While some items have one or two 
associations connected to them, other items have many overlapping 
associations. For example, a person may have two distinct events connected to 
the O’Hare airport  - the time she was forced to stay in the airport overnight due 
to a snowstorm and when she got food poisoning from the sushi restaurant in the 
food court – whereas this same person has multiple associations connected to 
the local hospital – giving birth to each of her children, the time she had a broken 
leg, and visiting her dad when he was sick. Is there a difference in how memories 
are retrieved that have several overlapping associations compared to only two 
associations?  In this study we are interested in investigating how activation in 
the HC and PFC changes as degree of overlap between associations increases, 
thereby increasing cognitive demand and decreasing sequence predictability. As 
relational load increases how does activation of these two brain regions and their 
associated networks change? How does ability to predict or think through an 
upcoming sequence affect neural activation at both regional and whole brain 
                                                        
1 This work is under review at Learning and Memory as Cohen JE, Ross R, and Stern 
CE. Predictability matters: Role of the hippocampus and prefrontal cortex in 
disambiguation of overlapping sequences. 
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levels?  
 Disambiguating between similar events or associations is thought to rely 
on pattern separation, a process dependent on the dentate gyrus of the 
hippocampus and its medial temporal lobe network. Pattern separation involves 
the creation of distinct neural representations for stimuli that are the same but 
used in different contexts (Yassa et al., 2011; Yassa and Stark, 2011; Reagh and 
Yassa, 2014; Bennett and Stark, 2016). A series of studies in rodents has shown 
that the hippocampus forms distinct representations for overlapping sequences in 
both spatial and non-spatial tasks (Frank et al., 2000; Wood et al., 2000; Agster 
et al., 2002). Human neuroimaging studies have also shown hippocampal 
activation during the encoding and retrieval phases of both spatial and non-
spatial context-dependent memory tasks with overlapping stimuli, including single 
items and sequences (Bakker et al., 2008; Ross et al., 2009; Brown et al., 2010; 
Lacy et al., 2011; Newmark et al., 2013). Recently, multivoxel pattern analyses of 
fMRI in the hippocampus has shown that learning causes differentiation of 
hippocampal activation patterns for overlapping stimuli (LaRocque et al., 2013; 
Favila et al., 2016; Tompary and Davachi, 2017). In addition to these functional 
differences, the ability to accurately and efficiently disambiguate between 
overlapping mazes is correlated with structural differences in the hippocampus 
and rostral dorsolateral prefrontal cortex (dlPFC) (Brown et al., 2014).  
 When items and associations are shared between sequences of events, 
the PFC is involved in synthesizing episodic memories into relational sets that 
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evolve with experience and cognitive demands and contribute to behavioral 
flexibility (Miller and Cohen, 2001; Eichenbaum, 2004; Hasselmo, 2005; Rich and 
Shapiro, 2009). It is well established that the PFC plays an integral role in the 
retrieval of episodic memory, with different regions responding to different 
cognitive and behavioral demands. Neuroimaging studies suggest that the dlPFC 
is active while maintaining, monitoring, and manipulating information in working 
memory (Postle et al., 1999; Petrides, 1995, 2000; D’Esposito et al., 1999; Stern 
et al., 2000; Stern et al., 2001; for review see Nee et al., 2013), the ventrolateral 
prefrontal cortex (vlPFC) is involved in interference resolution (Badre and 
Wagner, 2005; Jonides and Nee, 2006; Caplan et al., 2007; Oztekin, et al., 2009; 
Schlichting et al., 2015), and the left vlPFC is active during the retrieval of 
contextual details of memory (Kahn et al., 2004; Badre and Wagner, 2007; 
Chapados and Petrides, 2015). Petrides (1994) proposed that the mid-vlPFC is 
involved in comparing and selecting stimuli held in short- and long-term memory 
and that this region is particularly important in situations that require 
disambiguation of information from memory (Petrides, 2002). In addition, the left 
vlPFC has been involved in proactive interference when there are overlapping or 
similar associations. The vlPFC is involved both in inhibiting irrelevant, competing 
information and in selecting relevant information through connectivity with the 
hippocampus (Nee et al., 2007, Oren et al., 2017). In addition to its role in 
working memory, the dlPFC is part of the cognitive control network and has been 
proposed to modulate attention through top-down executive control (Rowe et al., 
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2000; Miller and Cohen, 2001). During retrieval of overlapping spatial routes 
(mazes), both the rostral lateral prefrontal and orbitofrontal cortices were 
recruited (Brown et al., 2010; 2012). These regions were significantly less active 
during the retrieval of non-overlapping mazes.   
Our goal was to examine the effects that varying degrees of overlap have 
on activity in MTL and PFC regions. Increasing the number of associations 
connected to one stimulus can result in increased interference and cognitive 
demand and decreased ability to look ahead to sequence completion.  Our task 
consisted of sequential associations made up of a picture frame (of varying 
colors, textures, and patterns) followed by a black and white photograph of a face 
within the picture frame followed by color photographs of four outdoor scenes 
(see figure 2.1).  One of the four outdoor scenes correctly completed the 
sequence and the correct scene was dependent on which face and frame were 
initially presented.  The control sequence had no overlap, each low overlap 
sequence overlapped with one other sequence, and each high overlap sequence 
overlapped with three other sequences. In addition, the task was divided into 
three time points that enabled us to examine how the ability to access the 
possible upcoming stimuli or predict the correct response affected neural 
activation at both regional and whole brain levels. This task differed from 
previous tasks examining disambiguation in that it involved a sequence of non-
spatial stimuli and multiple degrees of overlap between associations across 
conditions (Brown et al., 2010; Ross, Sherrill, and Stern, 2011). 
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Based on previous studies of hippocampal function, we expected to find 
increased activation in the posterior hippocampus during the low overlap 
condition due to the larger pool of stimuli and in the anterior hippocampus due to 
the importance of context in determining sequence completion in that condition 
(Fanselow and Dong, 2010; Nadel et al., 2013; Poppenk et al., 2013). The high 
overlap condition did not contain as many stimuli as the low overlap condition but 
there was an increased demand to disambiguate each trial’s sequence from the 
three sequences with which it overlapped so we expected to see activation in 
both the posterior hippocampus where item and context information are 
combined and the anterior hippocampus which is thought to relay context 
information to the PFC (Komorowski et al., 2013; Eichenbaum et al., 2012). We 
also expected to see increased activation in the anterior hippocampus during the 
association period of the low overlap condition because it is at this point that the 
hippocampus was able to relay information to the PFC pointing to the appropriate 
response to complete the sequence. 
We expected to find differential activation in the vlPFC, based on 
differences in relational load and the degree of interference from overlapping 
items (Jonides and Nee, 2006; Nee et al., 2006, Oren et al., 2017).  Because the 
high overlap condition had the highest degree of interference from items not 
relevant to the current trial, we expected to see the most vlPFC activity during 
this condition, particularly at the association time point. In addition we anticipated 
differences in activation in the dlPFC between conditions. One proposed role of 
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the dlPFC is executive control of neural regions processing task relevant 
representations involved in response preparation (Rowe et al., 2000). In our task, 
we would expect the dlPFC to be active when there is information present that 
determines the representations relevant to the trial.  In the low overlap condition, 
this would be during both the cue and association periods and in the high overlap 
condition this would be during the association period. In the control condition, the 
participant should be able to predict the entire sequence at the cue period. 
However, due to the simplicity of the sequence used in the control condition and 
the number of times this trial is repeated, we do not expect to see activation in 
regions of the cognitive control network.  
2.2 METHODS 
2.2.1 Participants 
Participants were 18–34-year-old adults recruited from the Boston 
University community.  Written informed consent was obtained from each 
participant before enrollment in accordance with the experimental protocol 
approved by both the Partners Human Research Committee and the Boston 
University Charles River Campus Institutional Review Board.  
Twenty-one subjects underwent training followed one day later by testing 
in the fMRI scanner.  Two subjects were omitted from the data analysis due to 
excessive motion in the scanner. Two subjects were excluded due to accuracy 
scores more than two standard deviations below the mean. Seventeen subjects 
       
22 
 
(11 females) were included in the final data analysis (mean age +/- SD = 22.84 
+/- 4.92).  
2.2.2 Task 
The task was programmed using E-Prime 2.0 software (Psychology 
Software Tools, Pittsburgh, PA).  A picture frame appeared on the computer 
monitor for 2 seconds followed by a 4 second blank delay. Then a black and 
white photograph within the same picture frame was shown on the screen for 2 
seconds followed by a 4 second blank delay.  Then four photographs of outdoor 
scenes were presented on the screen for 4 s and the participant was instructed 
to choose one of the scenes using the number pad on the keyboard (see figure 
2.1). The correct response was determined by which picture frame and face were 
shown in the beginning of the sequence. During training the participants received 
feedback based on their response – either “Correct” or “Incorrect” appeared on 
the screen. 
Stimuli consisted of images of 13 picture frames, each distinguishable by 
its unique color, texture, and/or pattern, 13 black and white photographs of faces 
with neutral expressions placed within the picture frame, and 16 color 
photographs of outdoor scenes. Each trial consisted of the contextual cue period 
(picture frame), the association period (photograph of face within the frame), and 
the test phase (photographs of four outdoor scenes). The spatial location of the 
four outdoor scenes shown on the screen changed between trials and was 
counterbalanced across trials. 
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Figure  2.1 - Participants learned sequences of contextual cues and associated 
face-scene combinations. The same faces and scenes were presented with 
multiple frames and correct responses were dependent on the frame initially 
shown. 
 
The control consisted of a simple frame-face-scene sequence. The low 
overlap condition consisted of four pairs of sequences.  Each frame was paired 
with two faces and two scenes. For example, when the green frame was shown 
before the old man the correct response was the vineyard but when paired with 
the younger man the correct response was the grassy field. However, when the 
old man was shown after the fire frame the correct response was the grassy field 
and when the young man was shown after the fire frame the correct response 
was the vineyard (see figure 2.2). 
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Figure 2.2 – Low overlap condition. Each frame and face was associated with 
two scenes, and the correct response was dependent on the frame initially 
presented. This condition included four sets of two frames, two faces, and two 
scenes. With each successive sequence element, participants were better able 
to predict the correct response in this condition. 
 
 The high overlap condition had the highest degree of overlap between 
associations and the lowest level of predictability. In the high overlap condition, 
the participant learned that each frame was associated with four different faces 
and four scenes.  There were four frames in the high overlap condition and a 
total of sixteen overlapping associations (see figure 2.3). 
 
       
25 
 
Figure 2.3 – One of four sets of stimuli from the high overlap condition. Each 
frame and face was associated with four scenes, and the correct response was 
dependent on the frame initially shown. There were sixteen overlapping 
sequences in the high overlap condition. This condition had the highest degree of 
overlap between sequence elements and the lowest level of predictability. 
 
2.2.3 Training One Day Prior to Scanning 
During the training phase of the experiment, research participants learned 
each contextual cue (frame) and its corresponding association-test sequence 
(face-scene).  During the first two trials of training, only the correct outdoor scene 
for that frame and face was shown during the test phase. In all subsequent trials, 
four outdoor scenes were presented and left on the screen during the test phase 
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until the participant made a response. The participant used a number pad to 
indicate which of the four scenes was correct for that trial and was then given 
feedback (“Correct” or “Incorrect”) that appeared on the computer screen for 1.5 
seconds.  If the response was incorrect, the participant was not told what the 
correct answer was. 
During training, participants learned one new sequence per training run. In 
all training runs after the first run, sequences previously learned were repeated 
for additional rehearsal. Training runs were balanced so that each unique 
sequence was presented a total of eleven times during training. 
2.2.4 Testing during fMRI Scanning 
Participants returned for fMRI scanning one day after training. While in the 
scanner, participants completed six runs of twenty-four trials each. Each run 
included eight trials per condition that were identical to the training trials except 
that there was a 4 second time limit for responding and participants were not 
given feedback on their performance. The three conditions were interspersed 
within each run. The order of trials was counterbalanced across runs, and the 
order of runs was randomized across participants. There were 48 trials of each 
condition per participant.    
2.2.5 Image Acquisition 
Images were acquired using a 3 Tesla Siemens MAGNETOM TrioTim 
scanner with a 32 channel Tim Matrix head coil located at the Athinoula A. 
Martinos Center for Biomedical Imaging, Massachusetts General Hospital, 
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Harvard Medical School. A high resolution T1-weighted multiplanar rapidly 
acquired gradient echo (MP-RAGE) structural scan was acquired using 
Generalized Autocalibrating Partially Parallel Acquisitions (GRAPPA) (TR = 2530 
ms; TE = 3.4 ms; flip angle = 7°; slices = 176; resolution = 1 mm isotropic). T2*-
weighted blood oxygen level dependent (BOLD) images were acquired using an 
Echo Planar Imaging sequence (TR = 2000 ms; TE = 30 ms; flip angle = 85°; 
slices = 33; resolution = 3.4 x 3.4 x 3.4 mm, interslice gap of 0.5 mm). Functional 
image slices were aligned parallel to the long axis of the hippocampus. 
2.2.6 Image preprocessing 
Functional imaging data were preprocessed using the SPM8 software 
package (Statistical Parametric Mapping, Wellcome Department of Cognitive 
Neurology, London). All BOLD images were first reoriented so the origin (i.e., 
coordinate x y z = [0, 0, 0]) was at the anterior commissure.  The images were 
then corrected for differences in slice timing and were realigned to the first image 
collected within a series. Motion correction was conducted and included 
realigning and unwarping the BOLD images (Andersson et al., 2001). The high-
resolution structural image was then coregistered to the mean BOLD image 
created during motion correction and segmented into white and gray matter 
images. The bias-corrected structural image and coregistered BOLD images 
were spatially normalized into standard MNI space using the Diffeomorphic 
Anatomical Registration Through Exponentiated Lie (DARTEL) algebra algorithm 
(Ashburner, 2007) for improved intersubject registration. BOLD images were 
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resampled during normalization to 2 mm3 isotropic voxels and smoothed using a 
6 mm full-width at half-maximum Gaussian kernel. The normalized structural 
images of all 17 participants were averaged after normalization for displaying 
overlays of functional data. 
2.2.7 Behavioral Analyses 
A repeated measures analysis of variance (ANOVA) was run to compare 
accuracy and reaction time between the low overlap, high overlap, and control 
conditions.  When significant differences were found between the three groups, a 
Fisher’s Least Significant Differences post-hoc test was run to determine which 
groups significantly differed from one another. Analyses were completed using 
PASW Statistics (PASW Statistics for Windows, Version 18.0. Chicago: SPSS 
Inc.). 
2.2.8 fMRI Analyses 
Nine regressors of interest were created for each participant to model the 
fMRI data. Separate regressors were created for the following three elements in 
each condition: contextual cue (presentation of the frame), association phase, 
(presentation of the face in the frame), and test phase (presentation of the four 
outdoor scenes). Incorrect trials and the six motion parameters calculated during 
motion correction were added to the model as additional covariates of 
noninterest. Regressors from the task were constructed as a series of square 
waves or “boxcars”. Boxcar onsets were defined by the onset of each event and 
extended for the duration of the event (2 seconds for the contextual cue and 
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association phases, 4 seconds for the test phase). These parameters were 
convolved with the canonical hemodynamic response function in SPM8. 
 In total, 6 primary contrasts were created: the low and high overlap 
conditions each compared to the control conditions during the cue and 
association periods and the low and high overlap conditions compared to each 
other during the cue and association periods. The model was then analyzed 
using the general linear model approach.  
 All six primary contrasts were tested at the group level. 
2.2.9 Region of Interest Analyses 
Due to our a priori hypothesis that hippocampal and prefrontal cortical 
activity would be modulated by degree of overlap, we defined regions of interest 
(ROIs) in the MTL and the PFC to perform voxelwise analyses within these 
areas. The MTL ROI consisted of the HC and parahippocampal gyrus in both 
hemispheres, as defined by the automated anatomical library (aal) within the 
Wake Forest University (WFU) pick atlas, a standard set of anatomical definitions 
defined by hand on a single brain which matched the MNI/ICBM templates 
(Tzourio-Mazoyer et al., 2002).  The PFC ROI consisted of the dorsolateral PFC, 
defined as the middle frontal gyrus and Brodmann areas 9 and 46, and the 
ventrolateral PFC, defined as the inferior frontal gyrus and Brodmann areas 44, 
45, and 47. The aal and Brodmann area libraries within the WFU pick atlas were 
used to define the regions. All ROIs were defined bilaterally. To facilitate 
interpretation of our results, we averaged the beta values for each subject in 
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each condition within ROIs and determined the overall mean beta value per 
condition at each time point and each region of interest (see figure 2.4 for bar 
graphs of beta averages).   
All region of interest, group-level analyses assessed statistical significance 
on the basis of cluster mass, with the cluster-defining threshold set to the 
nominal p<0.01 level. Cluster mass is a sum of all statistical values within a 
cluster and is more sensitive than measuring cluster size (Bullmore et al., 1999; 
Hayasaka and Nichols, 2003). Corrected P values were determined using 
permutation testing (FSL’s randomise; 5,000 iterations), and results were 
thresholded at corrected p<0.01. For one-sample t tests, each iteration randomly 
sign-flipped individual subjects’ contrast coefficient maps and added the resulting 
maximum cluster mass to the empirical null-hypothesis distribution.   
2.2.10 Whole-brain analyses 
 All whole-brain, group-level analyses assessed statistical significance on 
the basis of cluster mass, with the cluster-defining threshold set to the p < 0.01 
level. Corrected p values were determined using permutation 
testing (FSL's randomise; 5,000 iterations), and results were thresholded at 
corrected p < 0.01. For one-sample t tests, each iteration randomly sign-flipped 
individual subjects' coefficient maps.  Clusters were defined as having faces or 
edges or corners that touched and a minimum of 20 voxels. Peak activations 
within each cluster of activation were identified using AFNI software package 
(http://afni.nimh.nih.gov/afni).  If a specific region of activity had multiple peaks 
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within a cluster, the peak with the highest t-value was reported.  Brain regions 
were identified using MRIcron software and brain atlases (Damasio, 2005; 
Petrides, 2005). 
 
2.3 RESULTS 
2.3.1 Behavioral data 
We examined differences in accuracy and reaction times between the 
control, low overlap, and high overlap conditions while participants performed the 
task in the scanner. Participants responded correctly in the control condition on 
96.7% of the trials (SD=0.019), in the low overlap condition on 94.23% of the 
trials (SD=0.049), and in the high overlap condition on 90.93% of the trials 
(SD=0.102), A repeated measures ANOVA revealed a significant main effect of 
condition (F(2,16) = 4.00; p = 0.028; hp2 = 0.20). Post-hoc tests revealed that the 
main effect of condition was driven by differences in accuracy between the high 
overlap and control conditions (p = 0.035, Fisher’s Least Significant Difference 
(LSD) post-hoc test).  No significant differences in percentage correct were found 
between the low and the high overlap conditions, indicating that the two 
overlapping sequences were performed with comparable accuracy (p=0.156, 
Fisher’s LSD post-hoc test).  
Mean reaction time for the control condition was 1.45 seconds 
(SD=0.404), for the low overlap condition was 1.55 seconds (SD=0.5116), and 
for the high overlap condition was 1.56 seconds (SD=0.19). A repeated 
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measures ANOVA revealed a significant main effect of condition on reaction time 
(F(2,16) = 8.811, p = 0.001; hp2 = .355). Post-hoc tests revealed that the main 
effect of condition was driven by differences between the overlapping and the 
control conditions. Responses in the control condition were significantly faster 
than in the low overlap condition (p=.01; Fisher’s LSD post-hoc test) and the high 
overlap condition (p=.002; Fisher’s LSD post-hoc test). The two overlapping 
conditions did not differ from one another in reaction time (p=0.097, Fisher’s LSD 
post-hoc test).    
2.3.2 Functional MRI Data 
We used fMRI to assess activation during sequence retrieval in regions of 
interest: the hippocampus, the dorsolateral PFC, and the ventrolateral PFC. We 
calculated average beta weight values for each seed region and each condition 
at the cue and association time points to facilitate interpretation of our contrasts 
between conditions. See figure 2.4 for bar graphs of beta averages.  In addition, 
we examined activation at the whole brain level in an exploratory analysis. For 
both ROI and whole brain analyses, six contrasts were analyzed: the high and 
low overlap conditions compared to control, the high and low overlap conditions 
compared to each other, and the control condition compared to the high and low 
overlap conditions. The results are presented separately for the High Overlap, 
Low Overlap, and Control conditions.  Results are summarized in Tables 2.1 
(ROI based) and 2.2 (Whole brain). 
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Figure 2.4. Activations from each condition at both time points of interest within 
the ROI masks used in the small volume correction analyses. The conditions are 
presented in order of relational load within ROI and time point: high overlap, low 
overlap, and control.  
 
2.3.3 Region of Interest Analyses 
High Overlap Condition  
In the high overlap condition, the frame indicated to the participant which 
set of stimuli the trial belonged to but it was not until the face was shown within 
the frame that participants were able to think about which scene would accurately 
complete the sequence. The results from our small volume correction (ROI) 
analyses showed that the high overlap condition was associated with increased 
activation in the posterior body of the hippocampus compared to the control 
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condition during the association period (see figure 2.5). 
During this time point, the high overlap condition also showed increased 
activation in the right dorsolateral PFC, the left dorsolateral PFC, and the left 
ventrolateral PFC compared to the control condition.  At this point, there may be 
interference from overlapping elements, prompting recruitment of the left 
ventrolateral PFC (Irlbacher et al., 2014 for review; Jonides and Nee, 2006). In 
addition, the participant now has enough information to determine which scene 
accurately completes the sequence. The dlPFC may be needed at this time point 
to activate the neural regions needed to correctly respond. 
There were no significant differences between the low and high overlap 
conditions during the cue period in either the MTL or lateral PFC. In addition, the 
high overlap and control conditions did not show differences in activation in either 
region of interest during the cue period. This may be due to the fact that in the 
high overlap condition, the cue period enables the participant to know which 
condition the trial is but does not allow the participant to exclude any of the four 
upcoming scenes. 
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Figure 2.5. Top Row: The posterior hippocampus showed increased activation at time 
points with increased predictability. In the high overlap condition, at the association time 
point, the participant was able to accurately predict how to complete the sequence. 
Bottom Row: In the lateral PFC, the high overlap condition showed increased activation 
at the association time point. This may be due to the increased level of cognitive control 
required to inhibit other associations irrelevant to the current trial.  
 
Low Overlap Condition 
Presentation of the picture frame in the low overlap condition enables the 
participant to narrow down the upcoming sequence from 33 possible sequences 
to two sequences. At this point in the sequence, the participant can predict that 
one of two possible faces will follow and two of four possible scenes. When the 
contrasts created for the low overlap cue period were compared to those of the 
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control cue period, significantly more activation was seen in the tail of the left and 
right hippocampus in the low overlap condition (figure 6). We expected to see 
activation in the HC during this condition because the cue prompts retrieval of the 
two faces and scenes paired with it. 
During the cue period, the low overlap condition also showed increased 
activation in the right dorsolateral PFC compared to the control condition. During 
the association period, the low overlap condition showed increased activation in 
the right and left dlPFC compared to control. During both of these time points, the 
dlPFC may be active due to the fact that information is being obtained revealing 
the appropriate neural representations needed to make a correct response. 
 
       
37 
 
Figure 2.6.  Low Overlap Condition – Results from regions of interest analysis 
using masks of the medial temporal lobe and lateral prefrontal cortex. Color bars 
indicate t-values. Top Row: During the cue period, the participant was able to 
decrease the number of potential upcoming sequences in the low overlap 
condition to two. This time point also showed increased activation in the posterior 
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hippocampus. Middle and Bottom Rows: The low overlap condition showed 
increased activation in the right dorsolateral PFC that coincided with the 
participant’s increased ability to predict the upcoming sequence. 
 
Control Condition 
The control showed increased activation in a small posterior region of the 
left ventrolateral PFC compared to both the low overlap and high overlap 
conditions during the association period. There were no other differences 
between the control and overlapping conditions in any region of interest. 
Table 2.1 – Region of Interest Analysis Complete Results 
CONDITION REGION OF INTEREST 
CLUSTER SIZE 
(voxels) T-VALUE 
MNI PEAK 
COORDINATES 
High overlap > 
control 
association 
Right hippocampus 
(body) 98 5.27 24 -28 -8 
 Right dorsolateral PFC 2710 9.41 48 26 28 
 Left dorsolateral PFC 468 4.80 -56 28 24 
 Left ventrolateral PFC 261 8.92 -34 24 -6 
Low overlap > 
control cue 
Left hippocampus 
(tail) 43 4.62 -12 -36 0 
 Right hippocampus (tail) 20 3.62 18 -34 0 
 Right dorsolateral PFC 1510 7.35 48 18 32 
Low overlap > 
control 
association 
Right dorsolateral 
PFC 2829 7.05 50 14 32 
 Left dorsolateral PFC 223 4.78 -54 34 26 
Control > high 
overlap 
association 
Left ventrolateral 
PFC 48 3.93 -52 10 12 
Control > low 
overlap 
association 
Left ventrolateral 
PFC 27 3.53 -54 10 12 
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2.3.4 Exploratory whole brain analysis 
To examine additional brain regions involved in disambiguating between 
overlapping elements in our task, we compared the contextual cue and 
association segments of the trials between the three conditions in an exploratory 
whole brain analysis. Table 2 shows a list of the complete results from the whole 
brain exploratory analysis.  All reported results have been defined by cluster 
mass with a threshold set to p<0.01.   
High Overlap Condition 
During the cue period, the high overlap condition showed increased 
activation in bilateral intraparietal sulcus, left caudate, and left cuneus compared 
to the control condition. During the association period, regions that are part of the 
cognitive control network showed increased activation in the high overlap 
condition compared to the control condition including the insula, the dlPFC, and 
the anterior cingulate cortices (Cole and Schneider, 2007). Compared to the low 
overlap condition at the same time point, the high overlap condition showed 
increased activity in the posterior cingulate and angular gyrus.  
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Figure 2.7.High Overlap condition –Significant results for between subject 
contrasts in the whole brain analysis.  The color bar indicates the t-values 
regions of significant difference.  Top Row: Whole brain analysis revealed 
additional regions of activation in the high overlap condition compared to the 
control during the cue period. Middle and Bottom Rows: During the association 
period, whole brain analyses revealed increased activation in the anterior 
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cingulate cortex, the insula, and dorsolateral PFC, all regions that are part of the 
cognitive control network, in the high overlap condition compared to the control 
condition. In addition, compared to the low overlap condition, the high overlap 
condition showed increased activation in parietal regions including the 
precuneus, the cuneus, and the angular gyrus. 
 
Low Overlap Condition 
 During the cue period, the low overlap condition had similar regions of 
activation that the high overlap condition had during the association period when 
both were compared to control. The low overlap condition showed increased 
activation in regions that are part of the cognitive control network including the 
dlPFC and the supplementary motor area (SMA). During the association period, 
the low overlap condition showed increased activation in bilateral angular gyrus, 
fusiform gyrus, inferior parietal lobule, and SMA compared to the control 
condition.  
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Figure 2.8: Low Overlap Condition – Whole brain analysis results.  The color 
bars show t-values for the between condition contrasts. Top Row: In the cue 
period of the low overlap condition, regions associated with memory retrieval 
(hippocampus and angular gyrus) and cognitive control (dlPFC and SMA) 
showed increased activation compared to the control condition. Bottom Row: In 
the association period, the patterns of increased activation in the high and low 
overlap conditions compared to control were more similar than at the cue period. 
At this time point the low overlap condition showed increased activation in the 
SMA, the right dlPFC, and the inferior parietal lobules. 
 
  
Control Condition 
 The control condition showed increased activation in regions that are part 
of the default mode network during both the cue and association periods 
compared to the overlapping conditions. These regions included the medial PFC 
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and the temporal cortex. In addition the control condition showed increased 
activity in the insula and middle cingulate gyrus compared to the overlapping 
conditions during the association period. 
 
Table 2.2 - Whole Brain Analysis Complete Results 
CONDITION BRAIN REGION CLUSTER SIZE T-VALUE MNI PEAK COORDINATES 
High overlap > 
control cue 
Right intraparietal 
sulcus 1472 3.99 26 -70 30 
 Left caudate 888 5.45 -8 1-3 
 Left cuneus 683 4.98 -18 -58 26 
 Left intraparietal sulcus 440 5.23 -30 -66 34 
High overlap > 
control 
association 
Right insula 27123 10.20 28 22 2 
 Bilateral anterior cingulate cortex 1636 8.76 4 30 42 
 Right cerebellum 1155 6.95 40 60 -32 
High overlap > 
low overlap 
association 
Bilateral posterior 
cingulate cortex 2547 5.49 0 -20 30 
 Left angular gyrus 469 6.36 44 -70 34 
Low overlap > 
control cue 
Left inferior parietal 
lobule 8752 7.79 -34 -50 40 
 Left lateral occipital gyrus 3432 6.72 -34 -86 -2 
 Right cerebellum 3102 7.98 20 -36 -48 
 Right dorsolateral prefrontal cortex 1514 6.67 38 20 24 
 Right supplementary motor area 1119 6.97 2 14 54 
Low overlap > 
high overlap cue 
Left middle occipital 
gyrus 1726 7.79 -30 96 2 
Low overlap > 
control 
association 
Right angular gyrus 5406 8.55 32 -54 38 
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 Right fusiform gyrus 4075 7.65 36 -42 -26 
 Right dorsolateral prefrontal cortex 2881 7.61 52 18 28 
 Right inferior parietal lobule 584 7.22 30 -52 32 
 Left dorsolateral PFC 1691 6.62 -40 22 20 
 
Bilateral 
supplementary motor 
area 
589 5.64 0 14 48 
 Left angular gyrus 586 7.09 -36 52 40 
 Right cerebellum 615 6.74 20 36 -48 
Control > low 
load cue 
Left middle temporal 
cortex 808 4.65 -58 -54 18 
 Right middle temporal cortex 761 5.98 62 -18 -10 
 Right angular gyrus 594 5.19 52 -64 28 
 Right dorsomedial PFC 538 5.01 6 62 12 
Control > high 
load association 
Bilateral dorsomedial 
PFC 3648 8.32 0 58 4 
 Left insula 3028 5.91 -40 -14 -4 
 Right supramarginal gyrus 2917 6.31 60 -36 42 
 Bilateral middle cingulate gyrus 1945 7.38 0 -24 44 
 Left middle temporal cortex 482 5.09 -62 -40 4 
Control > low 
load association Left insula 2656 8.59 -40 -12 -4 
 Right insula 2544 8.75 40 -16 -4 
 Bilateral dorsomedial prefrontal cortex 2491 6.90 0 58 6 
 Left middle cingulate gyrus 1561 6.38 -4 -22 46 
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2.4 DISCUSSION 
We manipulated the number of overlapping elements in a context-
dependent sequencing task to examine the effects of degree of overlap and 
sequence predictability during memory retrieval. Our results showed that during 
retrieval of sequences with overlapping elements, the hippocampus was more 
active at time points that enabled prediction of a correct response compared to 
sequences without overlapping elements at the same time points. In addition, the 
dorsolateral PFC was active when the pool of possible upcoming stimuli was 
reduced and the proper set of sequences could be delineated.  The ventrolateral 
PFC, on the other hand, was active when responses had to be inhibited due to 
interference from overlapping associations. 
2.4.1 Overlapping Sequences and Sequence Predictability Modulated 
Hippocampal Activity in a Context-dependent Memory Retrieval Task 
During the contextual cue period, the small volume correction analyses 
showed increased activation in the left and right hippocampal tail when the low 
overlap condition was compared to the control condition. In the low overlap 
condition, there were four sets of sequences with stimuli overlapping within each 
set. The picture frame signaled to which set of sequences the trial belonged. 
Because the task was well learned, the frame (cue) enabled retrieval of the two 
faces and scenes associated with that frame through activation in the posterior 
hippocampus. Although the contextual cue in the control also enabled retrieval of 
its associated sequence, the cue in the low overlap condition had more stimuli 
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associated with it than the control condition, which may have resulted in the 
increased activity in posterior hippocampus seen at this time point. This result 
was similar to that seen in Brown et al. (2010) in which the first hallway of an 
overlapping maze served as the contextual cue during which the participant was 
able to think ahead to the overlapping hallway and plan which way to turn. During 
the cue period of the overlapping mazes, Brown et al (2010) found increased 
activation in the posterior HC compared to the non-overlapping mazes. Even 
mice who are choosing which way to turn in a Y-maze showed neuronal firing in 
the hippocampus at the choice point as they prospectively thought through their 
upcoming journey down one arm of the maze (Johnson and Redish, 2007).  
During the association phase of the trial, when a face was shown within 
the picture frame, the cue was paired with the stimulus that determined the 
correct response.  At this point in all conditions, the participant should have been 
able to predict the scene corresponding to that face-frame pairing. In the high 
overlap condition, this meant a narrowing down from four possible options to one. 
When the high overlap condition was compared to the control condition during 
the association phase, increased activation was seen in the body of the right 
hippocampus. The increased activity in the body of the hippocampus may have 
resulted from item and context information being combined at this phase, a 
process that involves the hippocampus (Komorowski et al., 2009; Eichenbaum et 
al., 2012). In a human neuroimaging study, using representational similarity 
analysis to examine fMRI data, Collin et al. (2015) determined that the mid-
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portion of the hippocampus was active during presentation of directly integrated 
event-pair associations that were part of a multiple event narrative. Unlike the 
posterior hippocampus, which was active only during directly associated events, 
the body of the hippocampus became active when multiple events were linked 
together to form a narrative. Interestingly, when participants in our study were 
asked to describe their learning strategies regarding the high overlap condition 
many stated they created stories that bound the frame, face, and scene together 
to keep track of the multiple overlapping sequences.  
2.4.2. Different regions of lateral prefrontal cortex responded when 
overlapping elements in a context-dependent memory task increased 
 Considerable converging evidence indicates that the role of the prefrontal 
cortex in memory retrieval is strategic control of processes in other brain areas 
and the compiling of features of related memories to provide a context for related 
experiences (Preston and Eichenbaum, 2013; Buckner and Wheeler, 2001; 
Dobbins et al., 2002; Kuhl and Wagner, 2009; Miller and Cohen, 2001; 
Blumenfeld and Ranganath, 2007). We found differences in activation of the 
dorsolateral PFC that were dependent on condition and phase of the trial.  The 
overlapping conditions had a larger number of associations related to each 
stimulus (high>low>control) and previous research suggests the anterior dlPFC 
is involved in creating and integrating complex relationships between stimuli 
(Kroger et al., 2002; Blumenfeld and Ranganath, 2006; Murray and Ranganath, 
2007).  In addition, another proposed role of the dlPFC is top-down activation of 
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the neural representations appropriate for completing a task (Rowe et al, 2000). 
During the cue period, the low overlap condition showed increased right dlPFC 
activation compared to the control condition. The cue period in the low overlap 
condition prompted recall of two possible sequences whereas the control 
condition required retrieval of a single sequence.  In the high and low overlap 
conditions, we found increased bilateral dlPFC activation in the association 
phase of the task compared to the control condition. The association phase in 
both the high and low overlap conditions enabled recall of the correct outdoor 
scene to complete the sequence. Therefore, it may be the recall of multiple 
associated stimuli combined with increased relational complexity inherent to a 
task with overlapping associations that required the dorsolateral PFC.  
 During the association phase of the task, the high overlap condition 
showed increased activation in the left anterior and middle ventrolateral PFC. 
Previous research has shown recruitment of the anterior vlPFC during tasks 
requiring control over memory access (Barredo et al., 2016) and recruitment of 
left vlPFC in particular when there is interference from overlapping associations 
(Nee et al., 2006; Irlbacher et al., 2014). At the association time point in the high 
overlap condition, the participant was required to recall the correct scene that 
completed the sequence and inhibit the three scenes irrelevant to the trial. This 
result supports the proposed role of vlPFC in activating correct sequences or 
associations while also inhibiting irrelevant associations (Petrides, 2002; Badre 
and Wagner, 2005, Nee et al., 2006). Barredo et al. (2015) showed that anterior 
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vlPFC is part of a functionally connected network that includes the hippocampus 
among other regions.  
2.4.3  Whole brain analyses revealed regions in the Cognitive Control 
Network and the Default Mode Network active for different conditions 
during this task 
In contrasts comparing the low overlap and control conditions, regions that 
are considered part of the cognitive control network, including the dorsolateral 
prefrontal cortex and the rostral supplementary motor area, showed increased 
activation during both the cue and association periods. When the high overlap 
condition was compared to the control at the association time point, increased 
activation was seen in the dorsolateral prefrontal cortex, the anterior cingulate 
cortex, and the anterior insula, also regions considered part of the cognitive 
control network. Among many other tasks, the cognitive control network is 
involved in relational integration between items, a process that is more difficult 
and presumably requires more neural activation in the overlapping conditions. 
 The most striking result from comparisons between the control and 
overlapping conditions was the strong activation in the dorsomedial prefrontal 
cortices (dmPFC) in the control condition. At the cue, the activation in dmPFC 
was slightly increased compared to control but by the association period there 
was a large region of activation in the dmPFC compared to both the high and low 
overlap conditions. The medial prefrontal cortex is a major hub of the default 
mode network (Buckner et al., 2008).  The control condition in our study is 
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comprised of a single sequence that is repeated forty-eight times during 
scanning. This sequence is so well-learned that the participant probably does not 
have to pay attention to the sequence until the scenes are shown on the 
computer screen, therefore giving him or her time to mind-wander.  
2.4.4 Limitations and Conclusions 
 In this study we sought to better understand the neural response to 
disambiguation of sequences with varying degrees of overlap and the interplay of 
predictability in episodic retrieval and its accompanying neural response. Initially 
the task was constructed like a more typical sequence in which the picture frame 
was shown, then a photograph of a face (without the frame), followed by the 
choice of four scenes. We sought to replicate animal studies in which context is 
temporally separated from its associations and determines the appropriate 
response (Komorowski et al., 2009; Navawongse and Eichenbaum, 2013).  
However, when we piloted this task, participants were not able to learn the high 
overlap condition when the frame was separated from the face.  We sought to 
even out the task difficulty and accuracy scores between conditions by enclosing 
the face with the frame in the second time point of the trial.  Participants were 
able to learn the high overlap condition with this change but it made our results 
more difficult to interpret because the frame, or cue, was no longer separate from 
its associated face.  
 In interpreting the data, knowing the strategies participants used to 
remember the overlapping associations may have been enlightening. We did not 
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conduct a formal interview of participants following the testing session on day 
two, but in the future would add this to similar studies. In addition, it would have 
been interesting to ask participants to return one week after scanning to test how 
much they retained from the task, to see if there were differences in retention 
between the high and low overlap conditions and if neural activation was 
correlated with sequence retention.  
When we designed this task we expected to see linear increases in 
activation that were dependent on the degree of overlap in each condition. We 
thought that because the high overlap condition had four times as many 
overlapping associations between each sequence than the low overlap condition 
we would see the highest level of activation in the MTL and PFC in the high 
overlap condition.  However, what we found was that the extent to which stimuli 
revealed information about the upcoming sequence and increased the 
predictability of a correct response was the critical factor that determined which 
brain regions were active. Both our small volume correction and whole brain 
analyses demonstrated patterns of activation dependent on previously learned 
sequence predictability at each time point.  In the low overlap condition, 
activation in the hippocampus occurred during the cue period at which time the 
participant was able to whittle down the potential upcoming sequence from a 
large pool of possibilities to two sequences. In the high overlap condition, it was 
not until the association period that the hippocampus became active and it was 
not until this time point that the participant was provided enough information to 
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predict the upcoming sequence.  At the association time point, participants were 
able to predict the correct response in both the high and low overlap conditions 
and both conditions showed similar patterns of activation in the dorsolateral PFC. 
The dlPFC may work with the HC to decipher the correct way to complete a 
sequence in a task with multiple possibilities by indicating the correct set of 
sequences and conveying that information back to the medial temporal lobe. The 
vlPFC may then inhibit the incorrect responses, a process integral to the 
participant ultimately accurately completing the sequence. 
       
53 
 
 
 
 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 3: Functional connectivity between hippocampus and lateral 
prefrontal cortex depends on  
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3.1 INTRODUCTION 
 
 Both animal and human research has shown that interactions between the 
medial temporal lobe and prefrontal cortex are a key component of episodic 
memory formation, retention, and retrieval. In the first study we used retrieval of a 
context-dependent memory task with varying levels of overlapping associations 
to investigate activation of the hippocampus and lateral prefrontal cortices. Our 
results showed that the posterior HC was active at time points of overlapping 
sequences when information was revealed to increase predictability of a correct 
response. The dorsolateral PFC was active at time points when the participant 
was able to determine which pool of possible responses the correct answer 
belonged to. The ventrolateral PFC was active at times when it was important for 
the participant to ignore interference from irrelevant associations. In this study we 
are using the same task to investigate how regions in the MTL and lateral PFC 
interact with each other and other brain regions during retrieval of sequences 
with varying degrees of overlap using functional connectivity analyses. 
 Converging evidence indicates that information flows bidirectionally 
between the medial temporal lobe and prefrontal cortex. Information about items, 
the “what” stream, enters the perirhinal cortex and lateral entorhinal area from 
sensory afferents and association cortices and is projected to the posterior 
hippocampus (dorsal hippocampus in animals). Information about space and 
location, the “where” stream, enters the parahippocampal cortex and lateral 
entorhinal area from a separate cortical stream and converges with item 
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information in anterior hippocampus (ventral in animals)  (Suzuki and Amaral, 
1994; Furtak et al., 2007; Kerr et al., 2007; Van Strien et al., 2009).  In the 
anterior hippocampus, information about events is coded according to the 
context in which they occur, and this information is projected to the prefrontal 
cortex (Eichenbaum, 2017; Komorowski et al., 2013; Poppenk et al., 2013). From 
these projections, the prefrontal cortex accumulates information about the 
context of interrelated memories and then biases retrieval of information through 
its cortical projections back to the medial temporal lobe. From this model it has 
been proposed that the hippocampus forms and retrieves specific memories 
while the prefrontal cortex is involved in accumulating the features of interrelated 
memories and composing relational networks of connected experiences that 
facilitate goal-relevant retrieval and disambiguation of memories with overlapping 
elements (Miller and Cohen, 2001; Rich and Shapiro, 2009). 
 Much of the research this model is based upon was conducted in the 
rodent in which the PFC is comprised of one region: the medial PFC. The PFC in 
humans is proportionally a much bigger and more complex brain region than it is 
in rodents. Cognitive models of memory retrieval in humans indicate that the 
ventrolateral PFC is involved in specification of a retrieval cue, which then 
triggers reactivation of stored information in the MTL, and the dorsolateral PFC 
monitors and evaluates the reactivated information, comparing it with retrieval 
criteria to allow disambiguation of competing memories (Simon and Spiers, 
2003). Other research indicates that the vlPFC plays a role in preventing 
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interference from irrelevant associations (Badre and Wagner, 2005; Caplan et al., 
2007; Nee et al., 2007) 
 In this study we have designed a sequence retrieval task with three levels 
of overlapping stimuli. Our control condition has no overlapping associations – it 
is a direct association between one picture frame, one face, and one outdoor 
scene. The low overlap condition consists of pairs of overlapping sequences in 
which each picture frame is associated with two faces and two outdoor scenes.  
This condition has a total of eight frames, eight faces, and eight scenes and 
sixteen overlapping sequences. The high overlap condition consists of four 
overlapping sequences. Each of four picture frames is associated with four faces 
and four outdoor scenes. The possible effects of increasing the number of 
overlapping associations in a context-dependent episodic memory task include 
enhanced emphasis on the contextual cue of the task (the picture frame in this 
case), increased requirement to manipulate information in working memory and 
to resolve interference from overlapping associations, and augmented demand 
for cognitive control due to retrieval of an increased number of contextual details 
and their associated stimuli. 
 Based on the literature as well as results from our univariate analyses, we 
chose seed regions in the head, body, and tail of the hippocampus and in the 
dorsolateral and ventrolateral prefrontal cortices and examined how activation in 
these seed regions correlated with activity in other regions of the brain during our 
three conditions at key time points.   
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We predict that presentation of the picture frame in our low overlap task 
will trigger connectivity between the hippocampus and the prefrontal cortex 
because the picture frame is the contextual cue and predictive of the upcoming 
sequence for the low overlap condition. We also expect there to be connectivity 
between the hippocampus and prefrontal cortex in the association time point for 
this condition because it is during the association time point that the correct 
response can be ascertained and irrelevant associations can be inhibited.  In the 
high overlap condition, based on our univariate results, we expect to see 
connectivity between the hippocampus and prefrontal cortex only during the 
association time point.  It is at this point that the participant is able to look ahead 
to the upcoming sequence. 
3.2 METHODS 
3.2.1 Participants 
 The present study used data acquired from participants for the previous 
study examining univariate differences in fMRI activations related to relational 
load in context-dependent sequence retrieval. For a description and figures of the 
methods used in training and testing participants and in acquiring and 
preprocessing functional MR images, see chapter 2.  
3.2.7 Behavioral Analyses 
A repeated measures ANOVA was run to compare accuracy and reaction 
time between the low overlap, high overlap, and control conditions. Analyses 
were completed using PASW Statistics (PASW Statistics for Windows, Version 
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18.0. Chicago: SPSS Inc.). 
3.2.8 fMRI Functional Connectivity Analysis 
Seed regions and ROI definition 
 In this experiment we were interested in exploring whether the 
hippocampus and lateral prefrontal cortices interact with each other during the 
retrieval of context-dependent memories with increased levels of overlapping 
associations. There is accumulating evidence for functional differentiation along 
the anterior-posterior axis of the hippocampus (Fanselow and Dong, 2010). 
Activation in the posterior hippocampus has been associated with retrieval of 
overlapping associations during a spatial memory task (Brown et al., 2010) and 
with encoding of overlapping associations in a non-spatial memory task 
(Kumaran and Maguire, 2006). Activation in the anterior hippocampus has been 
associated with both encoding and retrieval of items that are associated with one 
another (Sperling et al., 2003; Giovanello et al., 2004).  Other studies, particularly 
those that involve sequence processing, have shown activation along the 
anterior-posterior axis of the hippocampus (Schendan et al., 2003; Lehn et al., 
2009; Ross et al., 2009). Univariate analyses of functional MRI activation using 
the current task showed increased activation in the head and tail of the 
hippocampus when the low relational load condition was compared to control 
during the contextual cue phase of the task and increased activation in the head 
of the hippocampus when the high relational load condition was compared to 
control in both the contextual cue and association phases of the task. Limited 
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investigation into differences in functional connectivity between subcomponents 
of the hippocampus with other brain regions has been conducted to date.  
To explore possible differences in connectivity between the hippocampus 
and other brain regions we created seed regions in the head, body, and tail of the 
hippocampus bilaterally. Five millimeter spherical regions of interest (ROIs) 
centered on functionally-relevant coordinates were created in the hippocampal 
tail (±18, -36, 2) derived from research examining the retrieval of overlapping and 
non-overlapping sequences (Ross et al., 2009), in the hippocampal body  (±30, -
24, -15) based on research examining implicit and explicit sequence learning 
(Schendan et al., 2003), and in the hippocampal head (±24, -13, -20) based on 
research using functional connectivity during a spatial disambiguation task 
(Brown et al., 2012). In addition to seed regions in the hippocampus, we created 
seed regions in the left and right dorsolateral and ventrolateral prefrontal cortices 
using the ROIs created for the univariate analysis. The dlPFC ROI was created 
by combining the middle frontal gyrus and Brodmann areas 9 and 46 and the 
vlPFC ROI was created by combining the inferior frontal gyrus and Brodmann 
areas 44, 45, and 47. The aal and Brodmann area libraries within the WFU pick 
atlas were used to define these seed regions.  
Beta Series Correlation Connectivity Analysis 
Functional connectivity analyses were conducted using the beta series 
correlation analysis method (Rissman et al., 2004).  The beta series correlation 
method utilizes the univariate fMRI data analysis so that parameter estimates 
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(betas) reflecting the magnitude of the BOLD responses are estimated for each 
trial.  This method assumes the extent to which two brain voxels interact during a 
given condition can be quantified by the extent to which their respective 
condition-specific beta series are correlated (Rissman et al., 2004).  
We restricted the functional connectivity analysis to time periods of the 
task for which we had specific hypotheses: the contextual cue period and the 
association period.  We did not include incorrect trials in our analysis due to the 
small number of errors made by the participants. The regressors were created for 
each participant as a function of condition (low overlap, high overlap, control), 
trial period (contextual cue, association), and individual trial.  If a participant had 
100% accuracy, there was a total of 288 regressors. Using a custom MATLAB 
(MathWorks, Natick, MA) script provided by Dr. Jesse Rissman we determined 
correlations between our seed regions beta series and the beta series of all other 
voxels in the brain for the contextual cue and association phases of all three 
conditions. The beta series correlation analysis generates raw correlation maps, 
which are transformed into z maps using an arc hyperbolic tangent 
transformation to allow statistical comparisons to be made between correlation 
magnitudes. For more details and validation of the beta series correlation method 
see Rissman et al., 2004.  
Overlapping vs. Control Sequences Analysis  
Group averaged Statistical Parametric Maps (SPMs) of functional 
connectivity differences were created for 6 contrasts: the high and low overlap 
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conditions each compared to the control condition during the cue period, the high 
and low overlap conditions compared to each other during the cue period, the 
high and low overlap conditions each compared to the control condition during 
the association period, and the high and low overlap conditions compared to 
each other during the association period by entering the z-transformed 
correlation images from each participant into a paired sample t-test using 
participant as a random factor. All group-level analyses assessed statistical 
significance on the basis of cluster mass, with the cluster-defining threshold set 
to the nominal p<0.01 level. Cluster mass is defined by the sum of all statistical 
values within a cluster and is a more sensitive measure than cluster size 
(Bullmore et al., 1999; Hayasaka and Nichols, 2003). Corrected P values were 
determined using permutation testing (FSL’s randomise; 5,000 iterations), and 
results were thresholded at corrected p<0.01. For one-sample t tests, each 
iteration randomly sign-flipped individual subjects’ contrast coefficient maps and 
added the resulting maximum cluster mass to the empirical null-hypothesis 
distribution. 
Peak activations within each cluster of activation were identified using 
AFNI (afni.nimh.nih.gov).  If a specific region of activity had multiple peaks within 
a cluster, the peak with the highest t-value was reported.  Brain regions were 
identified using a variety of reference materials (Damasio, 2005; Petrides, 2005). 
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3.3 RESULTS 
3.3.1 Low Overlap Condition 
 In the low overlap condition during the cue period, we found increased 
levels of functional connectivity compared to the control condition between the 
anterior hippocampus (left and right HC head) and the right inferior frontal gyrus, 
the right and left dorsolateral PFC, and the right caudate. The anterior HC 
projects directly to the PFC and relays contextual information. These results fit 
our prediction that at the contextual information presented at the cue is sent from 
the HC to the PFC so that the appropriate relational set for the trial can be 
activated. The right body of the hippocampus was more functionally connected to 
the right precuneus and right dorsolateral PFC compared to the control condition.  
The left tail of the hippocampus was more functionally connected to the right 
putamen and the left fusiform gyrus. When the low overlap condition was 
compared to the high overlap condition, we found increased connectivity 
between the body of the hippocampus and the right fusiform gyrus, the left 
lingual gyrus, and the right middle temporal gyrus. 
From seed regions in the lateral prefrontal cortices, during the cue period, 
we found increased connectivity between the left dorsolateral PFC and the left 
caudate and the right anterior cingulate when the low overlap condition was 
compared to the control condition.  Compared to the high overlap condition, the 
low overlap condition did not show increased functional connectivity from the 
lateral prefrontal cortices.  
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Figure 3.1  Top and middle: During the cue period, the low overlap condition 
showed increased functional connectivity between the left and right anterior HC 
seed regions and lateral PFC and striatal areas compared to the control 
condition. Anterior HC is associated with contextual information and projects 
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directly to the PFC. At the cue period in the low overlap condition, the HC may be 
relaying contextual information to the PFC to point to the correct representation 
needed for the trial.  Bottom: Compared to the high overlap condition during the 
cue period, the low overlap condition showed increased functional connectivity 
between the left HC head seed region and the fusiform gyrus.  This may be due 
to the increased ability to predict which face is going to be shown in the 
association period in the low overlap condition. 
 
During the association period, when the face was revealed in the second 
time point of the trial, the low overlap condition showed increased functional 
connectivity between the right body of the hippocampus and the left anterior 
cingulate cortex and the right anterior PFC compared to the control condition. At 
this time point the participant is able to determine the correct scene to complete 
the sequence and it is important for the item information processed by posterior 
regions of HC to be relayed to the PFC for coordination of an accurate response.  
Compared to the high overlap condition, the low overlap condition showed 
increased connectivity between the body of the hippocampus (right and left) and 
the left posterior insula, the right middle cingulate gyrus, the right fusiform gyrus, 
and the left thalamus. From seed regions in the ventrolateral PFC (left and right), 
the low overlap condition showed increased connectivity to the left anterior 
cingulate, the bilateral thalamus, the left insula, and the left superior frontal gyrus 
compared to the high overlap condition during the association time point. 
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Figure 3.2 Top: The low overlap condition showed increased functional 
connectivity between the right HC body seed and anterolateral PFC compared to 
control in the association period. This may be due to the increased level of 
cognitive control needed in the overlapping condition to prevent interference from 
the associated but incorrect sequence. Middle: Compared to the high overlap 
condition in the association period, the low overlap condition showed increased 
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connectivity between the left HC tail seed and dlPFC, caudate, and insula. 
Bottom: The ventrolateral seed regions showed increased connectivity with the 
middle cingulate, the insula, and the thalamus in the low overlap compared to 
high overlap conditions during the association period.  
 
3.3.2 High Overlap Condition 
 During the cue period, when the picture frame is presented, the high 
overlap condition showed increased functional connectivity compared to the 
control condition between the ventrolateral PFC and visual areas including the 
calcarine sulcus, the left fusiform gyrus, and the left lingual gyrus. Similarly, the 
high overlap condition showed increased connectivity between the right 
dorsolateral PFC and visual areas including the lingual gyrus, the middle occipital 
gyrus, and the left fusiform gyrus. This may be due to participants visualizing the 
upcoming possible sequences upon viewing the cue in this condition.  
Surprisingly, the high overlap condition did not show increased functional 
connectivity from the hippocampal seed regions indicating that at retrieval the 
high overlap condition did not rely on output from the HC to other brain regions 
for accurate responding. 
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Figure 3.3 During the cue period, the high overlap condition showed increased 
functional connectivity between right dorsolateral and left ventrolateral seeds and 
visual areas including the calcarine sulci, the fusiform gyri, and the middle and 
superior occipital gyri.  
 
There was no increased functional connectivity from any of the seed 
regions when the high overlap condition was compared to the low overlap 
condition during the cue or association time points. In addition there was no 
increased connectivity between the high overlap and control conditions during 
the association time point. 
3.3.3. Control Condition 
 The control condition did not show increased functional connectivity 
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compared to the low or high overlap conditions during either the cue or 
association time points.  
 See tables 3.1–3.5 for a complete list of the functional connectivity results.  
 
3.4 DISCUSSION 
In this study, we set out to test the hypothesis that interactions between 
the hippocampus and prefrontal cortex underlie retrieval of associative memories 
with overlapping representations. We sought to isolate the effects of overlapping 
elements in a sequence by creating conditions with low levels of overlap and high 
levels of overlap. Our assumption was that we would see an increase in 
functional connectivity between the hippocampus and prefrontal cortex and their 
associated networks between the low overlap and control conditions and that 
increasing the degree of overlap between trials would augment this increase. 
However, what we found was that the low and high overlap conditions prompted 
connectivity in separate networks and at different time points in the trial. Based 
on our results and prior research in this area, we conclude that retrieval of the 
two different conditions is done differently, using different cognitive strategies and 
neural networks. While the low overlap condition is done like a more typical 
context-dependent sequence retrieval task, prompting activation in the 
hippocampus and associated networks in the prefrontal cortex and parietal lobe, 
the high overlap condition appears to be done using alternative strategies and 
does not require functional connectivity in the medial temporal lobe at retrieval. 
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3.4.1 Low Overlap Condition Stimulated Connectivity between the 
Hippocampus and Prefrontal Cortex, Posterior Parietal areas, and Visual 
Regions during the Cue Period 
Each time point in the low overlap condition enabled the participant to 
better predict the response that correctly completed the sequence. The picture 
frame was the contextual cue that allowed the participant to narrow down the 
upcoming sequence to two possibilities. At this point, models of memory retrieval 
indicate that the anterior hippocampus will send contextual information to the 
prefrontal cortex to retrieve associated sequences (Eichenbaum, 2017). During 
the cue period, the low overlap condition showed increased functional 
connectivity between the left hippocampal head and right vlPFC and between the 
right hippocampal head and bilateral dlPFC compared to the control condition.  It 
has been suggested that when the retrieval cue is relayed to vlPFC, the vlPFC 
then uses that cue to reactivate stored information in the MTL (Simon and Spiers, 
2003). The dlPFC is involved in comparing the retrieval criteria to the retrieved 
information and correcting any discrepancies. 
In addition to increased functional connectivity with the lateral PFC, the left 
HC head showed increased connectivity to the left supramarginal gyrus and the 
left precuneus, and the right HC head showed increased connectivity to the right 
caudate. The precuneus has been linked to visual imagery during memory 
retrieval and, with other regions in the parietal cortex, has been suggested as an 
“episodic buffer” serving to orient attention to mnemonic representations (Wagner 
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et al., 2005). In a review of functions of the precuneus, studies showed that in 
source memory recall, which requires retrieval of contextual information, there 
was increased activation specifically in the left lateral PFC and left precuneus 
(Cavanna and Trimble, 2006). In this study, we found increased functional 
connectivity between the left HC and left lateral PFC and left precuneus during 
the cue period, suggesting the hippocampus may be the region connecting the 
lateral PFC and precuneus in retrieval of contextual details. Increased 
connectivity between the HC head and the caudate during the cue period may 
indicate participants are thinking ahead to the possible responses for the trial. 
The caudate is involved in response strategy and has shown greater activation in 
overlapping than non-overlapping mazes (Brown et al., 2010).  
 In more posterior seed regions, the left hippocampal tail showed increased 
functional connectivity with the bilateral cerebellum, the right putamen, and the 
left fusiform gyrus, and between the right hippocampal body and right precuneus, 
left cerebellum, and right dlPFC compared to the control condition. Anatomical 
and functional evidence suggests that the posterior HC is involved in 
representation and discrimination of fine details.  In this task, it is the detailed 
item information that determines the correct response. Connectivity between 
posterior HC and regions involved in response preparation (cerebellum and 
putamen), visualization of possible upcoming stimuli (fusiform gyri), and 
response monitoring (dlPFC) may ensure that the appropriate item information is 
involved in these processes. 
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3.4.2 The Low Overlap Condition showed increased connectivity between 
the Dorsolateral PFC and several brain regions during the Cue Period 
 Of the four lateral PFC seed regions, all but one result was from the left 
dlPFC in the contrast comparing the low overlap and control conditions during 
the cue period.  This region showed increased connectivity to visual areas 
including the middle occipital gyrus, the calcarine sulcus, and the lingual gyrus, to 
parietal regions including the precuneus and supramarginal gyrus, to midbrain 
regions including the caudate and globus pallidus, and to frontal regions 
including the precentral gyrus and anterior cingulate. 
 Why is the dlPFC functionally connected to widespread brain regions in 
the condition with a higher number of overlapping associations? It has been 
suggested that a primary role of the dlPFC in memory retrieval is in comparing 
the retrieval criteria with the retrieved association, a role that is more demanding 
when associations are shared between sequences. If the hippocampus is 
relaying information about the retrieval cue to the dlPFC, then the dlPFC may 
recruit regions in parietal regions for visual imagery of possible upcoming 
elements of the sequence, in visual areas to help with discriminating between 
elements that are similar but not identical (e.g. black and white photographs of 
neutral but different faces), and in caudate and globus pallidus so that synthesis 
of the retrieval cue and retrieved memory can lead to strategizing a response.  
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3.4.3 High Overlap Condition Elicited Connectivity between Lateral PFC 
and Visual Areas during the Cue Period  
 Because the high overlap condition consisted of multiple overlapping 
associations, the training protocol required for participants to learn this task 
consisted of exposure to the sequence, learning the sequence through multiple 
trials, and then additional rehearsal of the sequence throughout the rest of the 
training to ensure the participant did not forget the sequence. The participant 
then returned one day later for testing and scanning.  Their high accuracy scores 
indicate that the sequences were learned as well as the low overlap condition but 
the results from our functional connectivity and univariate analyses indicate that 
retrieval of the correct response was done differently in the two overlapping 
conditions.  
In the high overlap condition, the cue period indicated to the participant 
which condition the trial was.  It did not enable the participant to predict which of 
the four scenes was the correct response. During the cue period, the high 
overlap condition showed increased functional connectivity between lateral 
prefrontal regions and areas of primary and extrastriate visual cortices compared 
to the control condition. Specifically, we found increased connectivity between 
the dlPFC and the lingual gyrus, middle occipital gyrus, and fusiform gyrus, and 
between the vlPFC and calcarine sulcus, inferior occipital gyrus, superior 
occipital gyrus, fusiform gyrus and lingual gyrus.  
 The fusiform gyri are thought to be analogous to the inferotemporal cortex 
       
73 
 
in monkeys which is important for object discrimination and recognition and 
memory processes (Mishkin et al., 1983; Desimone, 1996). Lesion studies and 
single-unit recordings from inferotemporal cortex indicate that this region 
becomes biased toward stimuli relevant to behavioral goals through modulation 
by the prefrontal cortex (Chelazzi et al., 1998).  In models of memory retrieval, 
the dlPFC is involved in monitoring or evaluating activation of stored information, 
specifically comparing retrieved information to the retrieval criteria in the case of 
competing memories.  In the high overlap condition, it may be that the dlPFC 
shows increased functional connectivity to the fusiform gyrus so that it can bias 
retrieval of the appropriate scene to complete the sequence and eliminate the 
inappropriate scenes.  
 The increased regions of connectivity between the vlPFC and occipital 
regions in the high overlap condition may be indicative of visual imagery 
participants are doing as they see the initial picture frame in the high overlap 
condition.  The participants know the task well enough that viewing the picture 
frame may conjure the images of the four possible upcoming faces and scenes 
that will complete the sequence.  
 Surprisingly, we did not find any increased functional connectivity from 
seed regions in the hippocampus in the high overlap condition.  This may be due 
to the frame, or cue, not acting as a context for the sequence as we had intended 
when designing the task. Because the four picture frames that are used as cues 
are used with all of the sequence iterations in the high overlap condition, by itself 
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it does not convey any information to the participant about which of the four 
possible sequences the trial is. Hsieh et al. (2014) examined hippocampal activity 
using multivoxel pattern analysis within six types of sequences and showed that 
hippocampal activity correlated with the binding of object and position within a 
sequence. In those sequences where objects are shown in a random order, they 
did not find a correlation between the hippocampal activity with objects or their 
positions. The highest correlation with hippocampal activity was in those 
sequences where there was a unique object at the beginning followed by two 
objects that overlapped with another sequence because the first object signaled 
to the participant which sequence the trial was. In our high overlap condition the 
first picture frame does not signal to the participant what the upcoming face will 
be because it can be any of the four faces in that condition. 
3.5  CONCLUSIONS AND LIMITATIONS 
 Results from the low overlap condition provide support for a model of 
sequence disambiguation in which the roles and connections of anterior and 
posterior hippocampus are segregated. The anterior HC showed increased 
connectivity to regions in lateral PFC and posterior parietal cortex only when the 
contextual cue was presented.  This makes sense in light of Eichenbaum’s model 
(2017) in which the anterior HC relays contextual information to the prefrontal 
cortex for activation of context-appropriate items. Additionally the posterior 
parietal cortex may be involved in bottom-up attentional mechanisms. 
Connectivity between these three regions may be needed to access the 
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appropriate relational set for the trial  
The posterior HC, on the other hand, showed connectivity in regions 
associated with response preparation and item recognition during the cue period. 
Considering that the posterior HC processes more detailed information about 
stimuli, it may be more involved in predicting and preparing to make an accurate 
response.  
The high overlap condition did not have any functional connectivity results 
in the hippocampal seed regions. In trying to understand these results we 
examined the average beta weight values in our seed regions and found that the 
hippocampal head seed had negative beta weight values in the high overlap 
condition in both the cue and association periods. This may be due to increased 
individual variability in hippocampal activation during disambiguation of 
overlapping sequences. Studies using highly similar stimuli to examine the 
process of pattern separation show that hyperactivity in the hippocampus can be 
associated with a decreased ability to pattern separate that occurs with aging 
(Yassa et al., 2011). In addition, hyperactivity in the hippocampus has been 
associated with mild cognitive impairment and medication that reduces the 
hippocampal hyperactivity results in increased performance on pattern 
separation tasks (Bakker et al., 2012). From these studies, it seems that 
activation in hippocampus during pattern separation tasks is variable and 
decreased BOLD signal may not be indicative of lack of hippocampal function. 
However, due to the variability in signal it makes our results, and lack of results in 
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the high overlap condition, difficult to interpret.  
 
Table 3.1  Low Overlap > Control, Cue Period 
Seed region Cluster Size Region of Peak Activation T-value 
Peak 
Coordinates 
Left Hippocampus 
Head 
10,724 
voxels Left supramarginal gyrus T=4.92 -46 -36 32 
  Left precuneus T=4.79 -12 -60 40 
  Right inferior frontal gyrus T=4.70 -46 8 20 
Left Hippocampus  
Body No results    
Left Hippocampus 
Tail 
14,379 
voxels 
Left cerebellum 
 T=6.75 -14 -42 -28 
  Right putamen T=6.56 16 -12 0 
  Right cerebellum T=6.07 24 -38 -34 
  Left fusiform gyrus T=6.03 -32 -52 -6 
Right Hippocampus 
Head 
14,030 
voxels Left dorsolateral PFC T=4.70 -22 50 6 
  Right caudate T=4.57 22 2 24 
  Right dorsolateral PFC T=4.50 44 32 38 
  Right postcentral gyrus T=4.31 28 -42 40 
Right Hippocampus 
Body 
19,880 
voxels  Right precuneus T=4.59 10 -46 42 
  Left cerebellum T=4.55 -16 42 -26 
  Right middle temporal gyrus T=4.53 66 -26 -8 
  Right dorsolateral PFC T=4.52 20 40 44 
Right Hippocampus 
Tail No results    
Left Dorsolateral 
PFC 
9,633 
voxels Left middle occipital gyrus T=5.04 -46 -76 4 
  Right calcarine sulcus T=4.93 8 -62 12 
  Right precuneus T=4.81 6 -46 48 
  Left supramarginal gyrus T=4.74 -60 -40 30 
  Right lingual gyrus T=4.70 4 -60 8 
  Left superior temporal gyrus T=4.65 -66 -34 18 
 6,831 voxels Left dorsolateral PFC T=4.65 -38 40 30 
  Left caudate T=4.10 -20 22 0 
  Left globus pallidus T=4.06 -18 6 -4 
  Left precentral gyrus T=3.84 -34 8 46 
  Right anterior cingulate T=3.81 10 32 32 
Right Dorsolateral 
PFC No results    
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Left Ventrolateral 
PFC 
25,549 
voxels Left dorsolateral PFC T=5.64 -24 22 56 
Right Ventrolateral 
PFC No results     
 
Table 3.2 Low Overlap > High Overlap, Cue Period 
Seed Region Cluster Size 
Region of Peak 
Activation T-value 
Peak 
Coordinates 
Left Hippocampus 
Head No results    
Left Hippocampus 
Body 
14,395 
voxels Left lingual gyrus T=5.39 -18 -80 -14 
  Left superior temporal gyrus T=4.83 -52 -38 24 
  Right fusiform gyrus T=4.42 26 -36 36 
  Left paracentral gyrus T=4.12 8 -34 62 
Left Hippocampus 
Tail No results    
Right Hippocampus 
Head No results    
Right Hippocampus 
Body 
34,370 
voxels 
Right middle temporal 
gyrus T=5.51 64 -22 -6 
  Right superior temporal gyrus T=5.40 54 -6 -12 
Right Hippocampus 
Tail No results    
Left Dorsolateral PFC No results    
Right Dorsolateral 
PFC No results    
Left Ventrolateral 
PFC No results    
Right Ventrolateral 
PFC No results    
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Table 3.3 Low Overlap > Control, Association Period 
Seed Region Cluster Size 
Region of Peak 
Activation T-value 
Peak 
Coordinates 
Left Hippocampus 
Head No results    
Left Hippocampus 
Body No results    
Left Hippocampus 
Tail No results    
Right 
Hippocampus 
Head 
No results    
Right 
Hippocampus 
Body 
23,210 
voxels 
Left middle cingulate 
gyrus T=5.18 -4 4 30 
  Left anterior cingulate gyrus T=5.08 -4 8 32 
  Right supramarginal gyrus T=4.78 36 -42 32 
  Right anterior PFC T=4.46 32 60 -2 
  Right superior frontal gyrus T=4.42 20 6 66 
Right 
Hippocampus Tail No results    
Left Dorsolateral 
PFC No results    
Right Dorsolateral 
PFC No results    
Left ventrolateral 
PFC No results    
Right Ventrolateral 
PFC No results 
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Table 3.4 Low Overlap > High Overlap, Association Period 
Seed Region Cluster Size 
Region of Peak 
Activation T-value 
Peak 
Coordinates 
Left Hippocampus 
Head No results    
Left Hippocampus 
Body 
7,481 
voxels Left precentral gyrus T=4.36 -60 4 26 
  Left posterior insula T=4.36 -34 -23 23 
  Left rolandic operculum T=4.18 -54 4 8 
  Right cerebellum T=4.08 10 -44 -36 
Left Hippocampus 
Tail 
15,786 
voxels 
Right superior temporal 
pole T=4.41 42 -4 -14 
  Right fusiform gyrus T=4.13 40 -48 -18 
  Left middle cingulate gyrus T=4.09 -12 0 40 
  Right dorsolateral PFC T=4.00 26 44 40 
  Left superior parietal lobule T=3.96 -20 -40 66 
  Left insula T=3.94 -34 -14 10 
Right Hippocampus 
Head No results    
Right Hippocampus 
Body 
20,040 
voxels 
Right middle cingulate 
gyrus T=4.71 12 -28 34 
  Right fusiform gyrus T=4.50 34 -26 -18 
  Left thalamus T=4.24 -22 -22 10 
Right Hippocampus 
Tail No results    
Left Dorsolateral PFC No results    
Right Dorsolateral 
PFC No results    
Left Ventrolateral 
PFC  
6,729 
voxels 
Left anterior cingulate 
gyrus T=4.12 -12 30 -2 
  R middle cingulate gyrus T=3.92 6 -26 34 
  Bilateral thalamus T=3.88 2 -6 16 
Right Ventrolateral 
PFC 
9,739 
voxels Left insula T=4.51 -52 -4 14 
  Right globus pallidus T=4.21 26 -6 -2 
  Left superior frontal gyrus T=3.94 -24 -8 52 
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Table 3.5 High Overlap > Control, Cue Period 
Seed region Cluster Size 
Region of Peak 
Activation 
T-
value 
Peak 
Coordinates 
Left Hippocampus 
Head No results    
Left Hippocampus 
Body No results    
Left Hippocampus 
Tail No results    
Right Hippocampus 
Head No results    
Right Hippocampus 
Body No results    
Right Hippocampus 
Tail No results    
Left Dorsolateral 
PFC No results    
Right Dorsolateral 
PFC 
9,347 
voxels Right lingual gyrus T=4.85 14 -90 -14 
  Right cerebellum T=4.66 22 -74 -18 
  Right middle occipital gyrus T=4.29 -34 -82 10 
  Left fusiform gyrus T=4.29 22 -66 -14 
  Left middle occipital gyrus T=4.17 -38 -82 0 
Left Ventrolateral 
PFC 
5,760 
voxels 
Right calcarine 
sulcus T=4.24 6 -64 10 
  Left fusiform gyrus T=4.17 -36 -66 -18 
  Left lingual gyrus T=3.78 0 -76 -2 
Right Ventrolateral 
PFC 
6,324 
voxels 
Right calcarine 
sulcus T=4.27 22 -94 0 
  Left inferior occipital gyrus T=4.12 -34 -84 -6 
  Left calcarine sulcus T=4.10 2 -82 -8 
  Left superior occipital gyrus T=3.98 -16 -90 12 
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CHAPTER 4: Theta Rhythm Dynamics During the Disambiguation of 
Overlapping Spatial Routes 
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4.1 INTRODUCTION2 
 Theta oscillations are present during human spatial navigation and 
episodic memory encoding and retrieval (Ekstrom et al., 2005; Rutishauser et al., 
2010; Watrous et al., 2011; Lega et al., 2011).  One important aspect of spatial 
navigation is remembering the temporal order of a sequence of directions or 
landmarks. This becomes even more important when sequences share a 
landmark. For example, one might turn right after the coffee shop on the way to 
school but turn left before the same coffee shop on the way to a friend’s house.  
Previous research in our laboratory using functional magnetic resonance imaging 
(fMRI) has shown that navigation of mazes with overlapping landmarks evokes 
activity in regions within the medial temporal lobe (MTL) and the prefrontal cortex 
(PFC) (Brown et al., 2010; Brown and Stern, 2014). In the current study, we were 
interested in determining the oscillatory correlates of navigating through mazes 
with overlapping landmarks, particularly in the theta range.   
 Animal research has shown that theta oscillations are indicative of 
interactions between the hippocampus (HC) and prefrontal cortex during 
cognitive tasks (Jones and Wilson, 2005; Benchenane et al., 2010; Fujisawa and 
Buzsaki, 2011). Using a spatial working memory task, Jones and Wilson (2005) 
first detected memory-related theta oscillations in the hippocampus of the rodent 
and noted that they were followed 50 ms later by theta oscillations in the PFC 
                                                        
2 This work is under review at Frontiers in Neuroscience as Cohen JE, Morin TM, and 
Stern CE. Theta rhythm dynamics during the disambiguation of overlapping spatial 
routes. 
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indicating that the hippocampus was driving firing and entrainment to theta in the 
PFC. Hyman and colleagues (2005) later showed that HC-PFC phase locking to 
theta was correlated to accuracy on a delayed nonmatch to sample task. In 
addition, they found that different PFC ensembles were entrained to theta 
depending on whether the animal was required to press the lever on the left or on 
the right, indicating that theta may play a role in activating the appropriate neural 
ensembles needed for a task (Hyman et al., 2010). Benchenane et al. (2010) 
examined theta coupling between HC and PFC while rats trained on a task that 
had both spatial and cue rules and found increased theta coherence between the 
two brain regions during rule acquisition and during correct responding on the 
task.  In addition, they found that increased coherence was associated with the 
formation of cell assemblies in the PFC following learning.  
Human research also shows increased theta coherence in the MTL and 
PFC during memory retrieval (Anderson et al., 2009; Watrous et al., 2013). 
Watrous et al. (2013) performed intracranial electroencephalographic (iEEG) 
recording while participants navigated through a virtual maze that contained a 
number of stores.  Participants were told to remember either the spatial layout of 
the stores or the temporal order in which they encountered the stores.  They 
found increased theta coherence between the PFC, the parahippocampal gyrus, 
and the parietal cortex during the temporal order, but not the spatial layout, trials. 
In a similar paradigm using scalp EEG, Hsieh et al. (2011) compared trials of a 
working memory (WM) task in which participants were asked to remember which 
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of two images presented on a screen had been presented first in the previous 
sequence and trials in which they were asked to remember which of two items 
had been presented in the previous sequence. They found increased theta power 
during the delay period of the temporal order trials, but only for participants who 
performed well on the task.  
 In addition to temporal sequence, theta activity changes in response to 
other task attributes that increase the level of cognitive demand. Using iEEG, 
Caplan et al (2000) examined cortical oscillations while participants navigated 
through a serial learning task embedded in a virtual maze.  They found increases 
in theta activity that correlated with the length of the maze and the number of T-
junctions that the participant had to remember in the maze. Similarly, Min and 
Park (2010) used scalp EEG to compare oscillatory activity during a shape task 
and a color task and found increased theta activity in medial frontal electrodes 
during shape trials, which were more cognitively complex due to interference 
from the color attribute of the stimuli. Scheeringa et al. (2008) also found a 
correlation between increased frontal theta and higher numbers of items 
participants were required to maintain in working memory. 
 A conceptual model arising from these studies postulates that theta is the 
electrophysiological correlate of top-down processing (Von Stein and Sarnthein, 
2000; Sauseng et al., 2005; Sauseng et al., 2008). To perform a cognitively 
challenging task well, disparate brain regions must be synchronized and it may 
be theta oscillations, along with oscillations involved in bottom-up processing 
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such as gamma, that create synchronicity. One example of this was put forth by 
Sauseng et al. (2008, 2010) who suggested that when visual input is predicted 
there is increased theta phase synchrony between frontal and parietal areas 
(Sarnthein et al., 1998; Sauseng and Klimesch, 2008) that reflects memory 
retrieval. After the target is presented, theta phase in posterior parietal areas is 
reset and transiently synchronizes with gamma oscillations in the posterior 
parietal cortex responding to bottom-up visual input.  
In our task, which was based on fMRI studies from our lab (Brown et al., 
2010; Brown and Stern, 2014; Brown, Hasselmo, and Stern, 2014), participants 
used a keyboard to navigate through mazes made up of four hallways, each 
hallway lined with different objects to make them distinguishable from each other. 
Six of the mazes were unique and six were paired so that they shared the third 
hallway. In the mazes with an overlapping hallway, the participants were required 
to identify and remember which hallway they were in to make the correct turn at 
the end of the third hallway. Early work from our lab found that in the first 
hallway, considered the cue period, overlapping mazes evoked stronger 
activation in the hippocampus and parahippocampal cortex bilaterally than non-
overlapping mazes (Brown et al., 2010). In the overlapping hallway, the right 
posterior hippocampus, the right parahippocampal cortex, and the bilateral 
orbitofrontal cortex had increased activation compared to the non-overlapping 
mazes.  A second fMRI study using a variant of the task but with high resolution 
imaging of the medial temporal lobe found that a region in the left CA3/dentate 
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gyrus was more active during the cue period of overlapping mazes than non-
overlapping mazes (Brown et al., 2014). This was true for both newly learned and 
well-learned overlapping mazes. In addition, we found that activity in CA1 
correlated with subsequent responses during navigation of overlapping mazes on 
a trial-by-trial basis. Based on these results as well as modeling and previous 
research studies, Brown et al. (2014) proposed a model of sequence 
disambiguation that defined interactions between the hippocampal subfields and 
the parahippocampal and prefrontal cortices.  In addition, a model proposed by 
Hasselmo and Stern (2014) incorporated theta activity into the retrieval of 
overlapping mazes using a simulation of this task. This model proposed that 
upon seeing the first hallway (the cue), the entire spatiotemporal trajectory of the 
maze can be retrieved based on the coordination of place and time cells by theta 
phase coding.  
Based on these previous neuroimaging and computational studies in our 
lab, we used a variant of the same task to examine theta oscillations in people 
navigating through well-learned overlapping and non-overlapping mazes. We 
predicted that theta activity during the first hallway would reflect retrieval of 
upcoming navigational choices, based on activation in the hippocampus in the 
high-resolution fMRI study and the predictions of the model.  In addition, we 
predicted that we would see increased theta activity in overlapping hallways 
based on fMRI results showing increased activity in HC and PFC and previous 
research showing that theta coordinates interactions between hippocampus and 
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prefrontal cortex.  
4.2 METHODS 
4.2.2 Participants 
Thirty participants (ages 18-27; mean age ± SD, 21 ± 2.36) were recruited 
from the Boston University community. Three participants were excluded from 
EEG recording because they were unable to meet the training criteria. Ten 
participants were excluded from the final analysis due to excessive artifacts in 
the EEG recording, either from participant movement, environmental noise, or 
noise within the recording system. Seventeen participants remained in the final 
analysis (8 female). Written informed consent was obtained from each participant 
before enrollment in accordance with the experimental protocol approved by the 
Boston University Charles River Campus Institutional Review Board. 
 
4.2.3   Behavioral Task 
Twelve virtual mazes were constructed using POV-Ray, version 3.62 
(http://www.povray.org), a three-dimensional ray-tracer modeling program. Each 
maze consisted of four hallways, each lined with unique objects (e.g. minicooper 
cars, snowmen, cannons) to make it distinguishable from other hallways (see 
figure 1). Participants navigated the mazes from a first person, ground level 
perspective. The hallways were split into two conditions – overlapping and non-
overlapping. The overlapping condition consisted of three pairs of mazes that 
began and ended in distinct locations but converged in the middle to share a 
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hallway. In the non-overlapping condition all four hallways of each maze were 
unique (see figure 2).  
 
Figure 4.1. An example hallway from one maze. Each hallway was lined with 
different objects and at intersections between hallways, participants chose to turn 
left or right or to go straight. During training, participants were given feedback on 
their performance but not during testing. 
 
  Participants began each maze at the beginning of the first hallway (the 
cue) and were propelled forward to the first intersection at a fixed speed. At the 
intersection participants chose to turn right, to turn left, or to go straight using the 
designated keys on the number pad of the computer keyboard (1 to turn left, 2 to 
go straight, 3 to turn right). If the participant turned in the correct direction, they 
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were propelled down the next hallway. If the participant chose incorrectly, the 
computer provided feedback in red letters — “Wrong way!” — and the participant 
was turned in the correct direction and propelled down the next hallway until they 
reached the second intersection. If the participant failed to choose in the allotted 
time, the computer provided feedback in red letters — “No response!” — and the 
participant was turned in the correct direction and propelled down the next 
hallway. All three turns were done in the same fashion. The navigational 
responses at each intersection were counterbalanced across conditions.    
Figure 4.2. An overhead view of two maps, one from each condition. The map 
on the left shows a non-overlapping maze. The map on the right shows two of 
the overlapping mazes, with the shared hallway in orange and labeled ‘C’.  
 
4.2.4 Training and Testing 
The study spanned two days: a training day, and a testing day.  On the 
first visit (the training day), the participant underwent the consenting process and 
then was trained on the twelve mazes, which lasted approximately 1.5 hours. 
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During the training session, participants were exposed to all twelve mazes, one 
at a time, but in an order randomized for each participant.  They learned the 
correct turns for each maze based on feedback given to them following a 
response. Participants had to navigate through each maze correctly four 
consecutive times before moving onto the next maze. After learning all twelve 
mazes, the participants were then tested on each maze in the reverse order of 
the initial presentation to make sure earlier mazes were not forgotten. If mistakes 
were made, the participant repeated that maze until it was done correctly. 
The following day (the testing day) the participant returned for testing 
during EEG recording. Before EEG recording, participants were given four trial 
runs, consisting of each maze presented once per run, as a refresher. Testing 
consisted of 24 runs, each containing all twelve mazes presented in a random 
order for a total of 288 trials. Trials in which the participants failed to respond 
were treated as incorrect trials in both training and testing. All behavioral data 
during training and testing was recorded using E-prime 2.0 (Psychology Software 
Tools). 
4.2.5 EEG data acquisition 
EEG was recorded using a Biosemi Active Two system (10/20 system; 
www.biosemi.com).  EEG recordings were taken from 128 active Ag/Cl 
electrodes attached to an elastic cap and from six exogenous electrodes used to 
aid in the detection of eye blink and movement artifacts. Electrolyte gel was used 
to connect the electrodes to the scalp. Exogenous electrodes were placed at the 
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left and right mastoid, at the lateral side of each eye, and below each eye. EEG 
and exogenous electrodes were recorded continuously at 512 Hertz (Hz). 
Subjects were instructed to minimize head and body movement, to place both 
feet on the ground, and to try to blink only when “Blink” appeared onscreen at the 
end of each trial. 
4.2.6 EEG data preprocessing 
EEG recording was analyzed using both defined and custom MATLAB 
scripts built on the open source EEGLAB toolbox (www.sccn.ucsd.edu/eeglab). 
Data were down-sampled to 256 Hz to accelerate signal processing and re-
referenced to an average of the two mastoid electrodes. A 0.25-45 Hz bandpass 
filter was applied to the data. The continuous data were segmented into epochs 
centered on a participant reaching the end of each hallway. The epochs spanned 
from 4000ms before reaching the end of a hallway, to 2000ms after.  
Independent component analysis (ICA) was conducted on the continuous 
dataset using the binica function from the EEGLAB toolbox. An auto-rejection 
plug-in was used to detect and remove artifacts (Chaumon, Busch, and Bishop, 
2015). Artifacts were selected and removed based on the following parameters: 
auto-correlation to detect noisy components and isolate neural activity from 
muscle, focal components to detect activity that is too focal and unlikely to 
correspond to neural activity, trial variability to detect components with highly 
variable activity across epochs, and correlation with electrooculogram (EOG) to 
detect components with a time course correlating with EOG channels indicating 
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eye blinks or saccades. Data were then visually inspected to manually eliminate 
bursts of high frequency activity or noise. 
4.2.7  Time Frequency Analysis 
Standard epochs were analyzed using a 3-cycle wavelet decomposition 
with a Hanning-tapered window ranging from 3-128 Hz in 1 Hz steps. 
Decomposition was performed on 6 second epochs such that each epoch began 
two seconds before a hallway, spanned the duration of the hallway, and ended 
two seconds after the end of the hallway. The intersection with the next hallway 
occurred at the zero time point. The oscillatory power for each electrode was 
computed for the range of frequencies from 1 to 100 Hz in time windows 
spanning from -2000 to 1000ms. The first and last 100ms of the dataset is not 
plotted to account for edge effects. 
Data at each electrode site was then averaged into clusters based on 
location. We created nine separate clusters each containing ten electrodes: Left 
Frontal, Middle Frontal, Right Frontal, Left Central, Middle Central, Right Central, 
Left Posterior, Middle Posterior, and Right Posterior (see Figure 4.3). 
Data was then averaged across all subjects to create an average time-
frequency plot for each hallway at each cluster. Oscillatory power in these plots 
was compared between the overlapping and non-overlapping conditions using a 
paired samples T-test, with permutation testing at 4000 iterations and false 
discovery rate (fdr) correction for multiple comparisons.  
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Figure 4.3. The layout of electrodes color-coded to show the nine clusters of ten 
electrodes each that were used in the statistical analyses. 
 
4.3 RESULTS 
4.3.1 EEG Behavioral Data 
First intersection accuracy and reaction times 
 During EEG recording, participants navigated the first hallways with 
no significant difference (t(10) = 0.24, p = 0.405) in percent accuracy between the 
overlapping condition (M +/- S.D., 99.61 +/- 0.38) and the non-overlapping 
condition (M +/- S.D., 99.38 +/- 0.56). Participants also exhibited no significant 
difference in reaction times (t(10) = 0.012, p = 0.495) between the overlapping (M 
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+/- S.D., 300.96 +/- 39.98) and non-overlapping condition (299.90 +/- 49.35).  
Second intersection accuracy and reaction times  
In the second hallway, participants also exhibited no significant difference 
(t(10) = -0.26, p = 0.400) in percent accuracy between the overlapping condition 
(M +/- S.D., 99.38 +/- 0.189) and the non-overlapping condition (M +/- S.D., 
99.57 +/- 0.557). Participants also showed no significant difference (t(10) = 0.10, p 
= 0.460) in reaction time between the overlapping (M +/- S.D., 287.36 +/- 32.02) 
and non-overlapping (M +/- S.D., 279.09 +/- 47.86) conditions. 
Critical intersection accuracy and reaction times 
In the third (critical) hallway, participants continued to perform with high 
accuracy (above 90%). However, we did notice a significant decrease in percent 
accuracy in the overlapping condition (M +/- S.D., 93.15 +/- 19.7) compared to 
the non-overlapping (M +/- S.D., 99.77 +/- 2.93) condition (t(10) = -2.93, p < 0.01). 
Despite a difference in accuracy in this hallway, participants showed no 
significant difference in reaction time (t(10) = 0.812, p = 0.218) between the 
overlapping condition (M +/- S.D., 313.64 +/- 23.93) and the non-overlapping 
condition (M +/- S.D., 271.52 +/- 27.95). 
See figure 4.4 for a graph of all behavioral results. 
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Figure 4.4. Accuracy and reaction times reflected the increased difficulty of the critical 
hallway in the overlapping condition. Although participants continued to score above 
90%, they made significantly more errors and had significantly longer reaction times 
compared to the same hallway in the non-overlapping condition. 
 
4.3.2 EEG Time Frequency Analysis 
First hallway 
The first hallway is lined with objects and the participant is able to see 
ahead to the first intersection of the maze as they are propelled down the 
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hallway. This hallway is the cue to the participant as to which maze he or she has 
entered.  In both conditions, the participant is able to think ahead to the 
upcoming turns and hallways because the mazes are well learned at the time of 
EEG recording. If the maze is one that overlaps with another maze, the 
participant will have to remember this initial hallway to make the correct turn at 
the end of the overlapping hallway.   
At the beginning of the first hallway, we found increased theta activity in 
upper theta frequencies (peak at 6.4 Hz) in both the overlapping and non-
overlapping conditions that coincided with the initiation of movement through the 
hallway (-1750 ms).  This result was observed in all nine electrode clusters and 
was greater in overlapping mazes compared to non-overlapping mazes. In the 
three frontal clusters, the increased theta activity occurred 1000ms prior to the 
intersection of the hallway. In the three posterior clusters and the left central 
cluster, the increased theta activity occurred 1500ms prior to the intersection of 
the hallway. In the right/central clusters, increased theta activity was observed 
both 1000ms and 1500ms prior to the intersection of the hallway. In addition, the 
overlapping condition showed increased theta activity at lower frequencies (< 4.5 
Hz) that was not evident in the non-overlapping condition. This may be memory-
related and required for disambiguation between the overlapping mazes.   
Increased theta activity was followed by a period of significantly less theta 
activity in the overlapping condition compared to the non-overlapping condition. 
This decrease in theta activity occurred at the intersection of the hallway. This 
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significant decrease in theta activity was observed across all nine clusters. See 
figure 4.5, 4.6, and 4.7 for visual plotting of the data for this hallway in frontal 
clusters. 
 
Figure 4.5.  Scalp maps of all 128 electrodes at the beginning of the first hallway, 
at 7 Hz frequency. Both the overlapping and non-overlapping mazes showed 
widespread theta activity at this frequency and time point. Activity in the 
overlapping condition was significantly greater than in the non-overlapping 
condition. 
 
       
98 
 
 
 
Figure 4.6. Scalp maps of all 128 electrodes at the beginning of the first hallway 
at 4 Hz. At this lower theta frequency, only the overlapping condition showed 
activity. 
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Figure 4.7.  ERSPs from the cue hallway in the middle frontal electrode cluster. 
The initial increase in theta was both stronger and extended over an increased 
frequency range in the overlapping condition compared to the non-overlapping 
condition. Increased theta was followed by a decrease in theta in both conditions. 
The bottom left shows the difference between the two conditions. 
 
Second hallway  
In the second hallway, we did not observe any significant differences in 
theta activity between the overlapping and non-overlapping conditions. Like the 
first hallway, the second hallway is unique to each maze. But because the first 
hallway serves as the cue, participants already know which maze they are 
travelling through while traversing the second hallway. It is possible that 
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participants determine the correct sequence of turns required to successfully 
complete the current maze in the first hallway and may not be actively engaged 
in the task while travelling through the second hallway. 
Critical hallway 
In the critical hallway, participants must make their final decision before 
exiting the maze. In the non-overlapping condition, the third hallway is similar to 
the first two hallways in that it is unique to each maze. However, in the 
overlapping condition, the third hallway is shared by two different mazes (see 
Figure 2). In the overlapping condition the participant must remember which 
hallways came before it in order to make the correct choice at the intersection.  
1500ms prior to the intersection of the critical hallway, we observed more 
theta activity in the overlapping condition compared to the non-overlapping 
condition (3-6 Hz). This increased theta activity was limited to the three frontal 
clusters as well as the left central cluster. 1000ms prior to the intersection of the 
critical hallway, we observed significantly less theta activity in the overlapping 
condition compared to the non-overlapping condition (4-6 Hz). This decreased 
theta activity was observed in the three frontal, three central, and left posterior 
clusters. At the intersection of the critical hallway, we observed more theta 
activity in the overlapping condition compared to the non-overlapping condition 
(3-5.5 Hz). This increased activity was observed in the three frontal clusters as 
well as the left central cluster. Beginning 500ms after the intersection of the 
critical hallway, we also observed increased theta activity in the overlapping 
       
101 
 
condition compared to the non-overlapping condition (4-8 Hz). This increased 
theta activity was observed in the three posterior and three central clusters. See 
figures 8 and 9 for a visual plotting of the results for this hallway. 
 
 
 
Figure 4.8. Scalp maps from the third hallway at 4 Hz. The overlapping condition 
showed significantly greater theta activity in frontal clusters at the beginning of 
the critical hallway. 
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Figure 4.9. ERSPs from the critical hallway. The increase in theta at the 
beginning of the hallway was earlier and greater in the overlapping condition than 
in the non-overlapping condition. Also, the overlapping condition showed 
increased theta activity compared to non-overlapping at the time of response. 
 
 
4.4 DISCUSSION 
The results of this study suggest that theta activity increases at time points 
where fMRI shows increased hippocampal activation during disambiguation of 
overlapping sequences in humans. We focused on the theta range of frequencies 
(3-8 Hz) due to the association of theta oscillations with interactions between the 
hippocampus and prefrontal cortex and memory retrieval (Benchenane et al., 
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2010; Jones and Wilson, 2005; Anderson et al., 2009; Watrous et al., 2013). The 
first hallway of the maze served as a cue and provided the context that enabled 
the participant to look ahead to the goal. We found that theta power increased 
significantly more in overlapping mazes compared to non-overlapping mazes in 
this hallway, consistent with predictions from earlier modeling work in our lab 
(Hasselmo and Stern, 2014). This effect was widespread across the scalp 
electrodes.  In addition we found an increase in theta power at the beginning as 
well as at the intersection in the critical hallway of the overlapping mazes. This 
was significant in the frontal and central, but not posterior, regions.  
Research in both animals and humans has demonstrated two types of 
theta oscillations: higher frequency, movement-related theta and lower 
frequency, memory-related theta (Ekstrom and Watrous, 2014). Memory-related 
oscillations in both rodents and humans increase coherence between the 
hippocampus and prefrontal cortex and facilitate memory retrieval (Benchenane 
et al., 2010; Fujisawa and Buszaki, 2011; Anderson et al., 2009; Watrous et al., 
2011). Human memory-related oscillations peak at around 3.4 Hz and 
movement-initiated oscillations occur between 5 and 8 Hz (Kaplan et al., 2012). 
In the first hallway of our task, we found increased theta activity in upper theta 
frequencies (peak at 6.4 Hz) in both the overlapping and non-overlapping 
conditions that coincided with the initiation of movement through the hallway (-
1750 ms). In posterior and central regions, the overlapping condition showed 
increased theta activity at this time point compared to the non-overlapping 
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condition.  In addition, the overlapping condition showed increased theta activity 
at lower frequencies (< 4.5 Hz) that was not evident in the non-overlapping 
condition. This may be memory-related and required for disambiguation between 
the overlapping mazes.   
Disambiguation of overlapping sequences requires pattern separation, a 
process that is dependent on CA3 and the dentate gyrus of the hippocampus 
(Yassa et al., 2011; Yassa and Stark, 2011; Reagh and Yassa, 2014; Bennett 
and Stark, 2016). Animal studies have shown that the unique orthogonal nature 
of hippocampal representations allows continual remapping between 
environments and experiences (Leutgeb et al., 2004) and may form the basis for 
storage of unique relationships among closely related items (Buszaki and Moser, 
2013). A high resolution, fMRI study from our lab using a variant of the maze task 
showed activation in CA3 and dentate gyrus at the beginning of the first hallway 
of overlapping mazes (Brown, Hasselmo, Stern, 2014). In a model based on the 
overlapping maze task, the cue at the beginning of the maze triggers responses 
on a neuronal level in the entorhinal cortex and hippocampus that enables 
retrieval of the entire maze trajectory from the first hallway. Theta phase coding 
may underlie this process (Hasselmo and Stern, 2014).  
Theta oscillations serve to link cell assemblies together to form sequences 
of events. Through these cell assemblies, extended ‘look ahead’ sequences 
form, which allow the animal to think through an upcoming journey from the start 
to the goal (Johnson and Redish, 2007). In fact, unique patterns of cell assembly 
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firing can predict an animal’s choice in a maze seconds before the animal turns 
(Pastalkova et al., 2008). Several studies have indicated that the hippocampus 
recruits specific cell assemblies during memory retrieval through frequency-
specific oscillatory patterns in the neocortex (Nadel and Moscovitch, 1997; 
Canolty et al., 2010; Battaglia et al., 2011). Based on this evidence, we conclude 
that the increase in lower frequency theta seen at the beginning of only the 
overlapping mazes reflects participants thinking through the upcoming spatial 
sequence to recall the correct series of upcoming turns. 
Following the increase in theta power at the beginning of the first hallway, 
there was a decrease in frontal theta until the intersection with the next hallway. 
This decrease is seen in both conditions but is greater in the overlapping 
condition.  This result may also reflect the predictive nature of theta oscillations.  
Wyble et al (2004) examined theta oscillations in rats during bar pressing and 
running behaviors and found that theta activity early in the task reflected behavior 
several hundred milliseconds later in the task. Initiation of motor activity was 
preceded by an increase in theta activity and cessation of motor activity was 
preceded by a decrease in theta activity. Translating this result to our study with 
humans, we see an increase in theta power prior to making a response at the 
end of the hallway but by the time the behavior is performed, theta has already 
decreased to below its initial baseline. In the overlapping condition both the 
increase and decrease are more pronounced than in the non-overlapping 
condition.  
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The other hallway we were interested in comparing between the two 
conditions was the critical hallway, which in the overlapping condition was shared 
between two mazes. In this hallway, we see decreased accuracy in the 
overlapping condition compared to the non-overlapping condition, indicating 
increased task difficulty in the overlapping condition. In addition we see 
increased theta activity at the beginning of and at the intersection of the third 
hallway in all the frontal clusters and in the middle and right central clusters in the 
overlapping condition. Using virtual maze navigation in humans, Bischof and 
Boulanger (2003) showed an increase in theta activity when participants 
encountered a new spatial view. The initial increase in theta is at the beginning of 
the hallway, 1500 ms prior to the intersection, and may be related to viewing a 
new hallway with different objects than the hallway before it. The non-overlapping 
hallway also shows an increase in theta at the beginning of the critical hallway 
across all electrode clusters but this occurs shortly after the increase in the 
overlapping condition (1000 ms prior to the intersection). It is not clear why the 
non-overlapping and overlapping conditions would have different time courses of 
theta activation but it may be related to the different cognitive demands of the two 
conditions.    
Only the overlapping condition shows increased theta activity at the time 
that the participant is making a response in the critical hallway. It is at this point 
that the participant is required to overcome interference from the paired maze 
that shares the hallway and maintain the temporal sequence of the current maze. 
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At a neuronal circuit level, some models suggest that oscillations may facilitate 
maintenance of temporal sequence information (Lisman and Idiart, 1995; Jensen, 
2006; Lisman and Buszaki, 2008; Vogel and Fukuda, 2009). Hsieh et al. (2011) 
compared maintenance of temporal order and item information during a working 
memory task and found that temporal order trials elicited sustained theta over 
frontal electrodes. This effect was significant only for those that performed the 
task well. Siegel et al (2009) showed neuronal spiking phase locked to theta 
oscillations during maintenance of temporal sequences. 
Siegel et al. (2012) developed the spectral fingerprint hypothesis, which 
posits that frequency oscillations act as a mediator between neuronal circuits and 
cognitive operations. This hypothesis states that interactions between the same 
brain regions can accomplish different goals depending on the frequency of 
oscillations in the two regions. In this study, movement-related theta in the first 
hallway may be coordinating bottom-up sensory input while memory-related theta 
is providing top-down signal that allows for retrieval of the appropriate cell 
assembly for the current maze. In the critical hallway, frontal theta may be 
invoked to ensure the current temporal sequence is maintained and a correct 
response is made. 
In conclusion, the data presented in this human EEG study adds an 
additional component to our understanding of how the brain disambiguates 
overlapping navigational trajectories. The data presented here demonstrate an 
increase in theta activity at time points that coincide with time points where we 
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saw increased CA3/DG activity in our fMRI study (Brown, Hasselmo, and Stern, 
2014), and additionally coincides with earlier model predictions using this task 
(Hasselmo and Stern, 2014). 
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Chapter 5. Summary and Conclusions 
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The three experiments described in this thesis are attempts to more fully 
understand the neural processes that underlie our ability to retrieve distinct 
episodic memories when associations between memories are shared. Functional 
MRI was used to examine activation and functional connectivity during sequence 
disambiguation and EEG was used to look at the role of theta rhythms in this 
process. Taken together, the results of the three experiments create a picture of  
behavioral measurements and neural activity that emphasizes predictability and 
cognitive readiness.  
 The experiments examined both non-spatial and spatial sequences with 
overlapping elements.  Overall, our combined fMRI and EEG results support the 
idea that sequence disambiguation relies on the HC to process information 
necessary for predicting the upcoming sequence and the PFC to integrate 
prospective processes with retrospective processes in order to recall the correct 
response. From our behavioral measurements, we know that participants 
engaged in different strategies, depending on their ability to look ahead and 
eliminate incorrect responses at a specific time point.  Our fMRI studies suggest 
that activation in the HC and PFC depended on how much the information 
presented at each time point enabled the participant to narrow down the 
upcoming choices. From our EEG results, theta may be the process that enables 
the HC and PFC to work together. 
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5.1 Summary and discussion of experiment one – Role of hippocampus 
and lateral prefrontal cortex in overlapping, context-dependent memory 
retrieval 
Experiment 1 tested the hypotheses that retrieval of overlapping non-
spatial sequences requires activation of the hippocampus and lateral prefrontal 
cortex and that increasing the number of associations connected to one 
sequence will increase activation in HC and/or lateral PFC during retrieval. We 
formed this hypothesis based on previous research in animals and humans as 
well as models of context-dependent memory. The task was designed to mimic 
studies in rodents and monkeys in which stimuli were associated with more than 
one object and response was dependent on context.  Eichenbaum and 
colleagues successfully designed a series of experiments in rats using the 
flooring and wall covering of the cage as the context and odors within pots as the 
stimuli that was rewarded depending on the context. Given that the participants 
in our experiments were going to be tested in the MR scanner we needed to 
design a task that could be run on a computer screen and answered with one of 
four button presses.  Initially our task consisted of the picture frame, the 
photograph of a face, and photographs of four outdoor scenes.  During pilot 
studies we discovered that while participants had no problem learning the control 
and low overlap conditions, they were unable to learn the high overlap condition.  
Participants consistently scored around 60%, significantly lower than the other 
two conditions. Somehow the combined task of holding the picture frame in 
working memory while also choosing the context-appropriate response (or 
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inhibiting the context-inappropriate responses) was too cognitively demanding. 
Perhaps this was due to demands on the same regions for the two processes – 
retrieval of the context-appropriate response depends on both HC and 
dorsolateral PFC and holding an item in working memory relies on both 
hippocampal regions and dlPFC. Despite wanting to keep the three components 
of the task separate, we decided to put the photograph of the face within the 
frame to reduce the working memory component of the task. Once we did this, 
participants were able to learn the task, and accuracy on the task was 
comparable between conditions. 
 Our univariate analysis of the fMRI data did not give us the linear increase 
in activation between conditions that we predicted but what we did find was more 
interesting.  We found that activation in the HC and PFC depended on how much 
the information presented at each time point enabled the participant to narrow 
down the upcoming choices. In the low overlap condition we found increased 
activation in the posterior hippocampus when the picture frame was shown in the 
first time point. In this condition, upon seeing the frame, the participant was able 
to narrow down the upcoming sequence to two possibilities. Activation in the 
posterior HC may reflect a relay of item information (frame) to the PFC or a 
retrieval of the two possible upcoming faces. When the face was shown in the 
frame, the participant was able to retrieve the correct scene to complete the 
sequence. The participant did not know which button to press until the scenes 
were shown because scene locations changed with each trial but she knew 
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which scene to look for. At the association time point in the low overlap condition 
the dorsolateral PFC was active bilaterally. This result may be due to the role of 
the dlPFC in monitoring retrieval of the appropriate items for the context or in 
selection of representations for the upcoming response (Rowe et al., 2000). 
In the high overlap condition, when the frame was shown, the participant 
was able to narrow down the upcoming sequence to four possibilities. Perhaps in 
this case, recollecting four possible upcoming faces was too cognitively 
demanding so the participant waited until the association time point when enough 
information was revealed to predict the correct response. This makes sense 
based on our pilot studies and the fact that participants were not able to do the 
high overlap condition when the frame was shown separately from the face. 
When only the frame was shown, neither the HC nor the lateral PFC showed 
increased activation.  However, when the face was shown within the frame, the 
body of the HC, the dorsolateral PFC, and the left ventrolateral PFC all showed 
increases in activation.  At that time the HC and dlPFC may be interacting to 
ensure retrieval of the context-appropriate response while the left vlPFC may be 
involved in overcoming interference, a process necessary in this condition due to 
the three scenes that must be suppressed. 
Overall, the results from this study are intriguing for the following reasons:  
activation of the HC and PFC correlated with predictability of upcoming stimuli 
and the ability of the participant to determine the correct response, and the 
results of our low and high overlap conditions showed that participants were 
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using different strategies to successfully respond in the two conditions.  
In hindsight, it would have been useful to conduct a formal interview of 
participants after scanning to ask about strategies used in retrieval of the 
different conditions.  This may have helped with interpretation of our results.  In 
addition, it would have been interesting to ask participants to return for a follow-
up memory test one week after scanning to see how much sequence information 
was retained and if this was condition-dependent. 
For future studies, I think it would be interesting to better understand what 
is happening in the high overlap condition by scanning during the encoding 
process of the task. It would be interesting to learn what brain regions were 
active during encoding and prior to consolidation. It would also be interesting to 
further explore the ceiling effect we found during the pilot studies of the high 
overlap condition. Is this effect due to working memory constraints? Is it specific 
to non-spatial sequences or is there a similar effect in spatial sequences (that 
perhaps accommodates a greater number of items)?  
5.2 Summary and discussion of experiment two - Functional 
connectivity in HC and lateral PFC during disambiguation of overlapping, 
non-spatial sequences 
In experiment 2, functional connectivity between the hippocampus and the 
lateral prefrontal cortex and other brain regions was analyzed using the task and 
fMRI data used in the first experiment. We were interested in examining possible 
interactions between the HC and lateral PFC in disambiguation of overlapping 
sequences. Recent models of context-dependent memory include interactions 
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between the HC and PFC. Eichenbaum (2017) proposed that in context-
dependent memory retrieval, the anterior HC relays contextual information to the 
PFC which then activates context-appropriate cell assemblies and suppresses 
competing, context-inappropriate cell assemblies (with the help of theta 
oscillations) in the posterior HC. Simon and Spiers (2003) targeted regions of 
PFC more specifically suggesting that the vlPFC is involved in specifying a 
retrieval cue which is then used to find information stored in the MTL, possibly 
through pattern completion. When stored information is identified, the dlPFC is 
engaged to compare the retrieval cue with the retrieved information, checking for 
concordance and inhibiting incorrect associations. 
Much of the research on overlapping associations and the interactions 
between MTL and PFC has focused on transitive inference (Wimmer and 
Shohamy, 2012; Shohamy and Wagner, 2008; Zeithamova and Preston, 2010; 
Zeithamova et al., 2012; van Kesteren et al., 2010, 2012).  Our task is one in 
which the challenge is to keep the overlapping sequences separate, a process 
dependent on pattern separation. Pattern separation is defined as “the process 
by which distinct, but often overlapping or highly similar patterns of neuronal 
inputs, are transferred into distinct neuronal representations” (Yassa and Stark, 
2011). Several studies have looked at the role of hippocampal subfields in 
pattern separation but only a few have looked at the role of the prefrontal cortex 
in this process and those have focused on encoding (Yassa et al., 2011; Yassa 
and Stark, 2011; Bennett and Stark, 2016; Pidgeon and Morcom, 2016).   
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Functional connectivity in the low overlap condition showed increased 
activation between the anterior HC and prefrontal and parietal regions during the 
cue period, as we predicted based on previous studies of context-dependent 
memory. In addition there was increased connectivity between the posterior HC 
and regions involved in response preparation, which is expected based on the 
idea that the posterior HC relays detailed information about the stimulus 
presented, allowing for concrete predictions regarding an accurate response. The 
association period of the low overlap condition, when the participant is able to 
fully predict the correct scene to complete the sequence, showed increased 
connectivity between the body of the hippocampus and frontal and parietal 
regions including the anterior PFC, the anterior cingulate, and the supramarginal 
gyrus. A model based on cortical oscillations suggests that theta phase 
synchronization between frontal and parietal regions occurs when visual input is 
expected, reflecting reactivation of a memory trace and monitoring that the 
appropriate memory trace is being reactivated (Sauseng et al., 2008, 2010). 
Although we did not have measures of theta activity in this experiment, activation 
in these frontal and parietal areas during the cue and association periods and 
their connectivity to HC may reflect a similar process. At both of these time points 
in the low overlap condition, visual input is expected – during the cue the 
participant is anticipating one of two faces to appear next and when the face is 
shown the participant is expecting the correct scene to appear next on the 
computer screen.  
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One surprising result from our functional connectivity analysis was that the 
high overlap condition did not have any connectivity results from the hippocampal 
seed regions in either the cue or association time points. When we looked at 
average beta weight values for this condition, the anterior HC seed (a 5 mm 
sphere) showed negative beta weight values indicating deactivation. The low 
overlap condition also showed negative beta weights in the anterior HC during 
the association period although not as low as the high overlap condition. The 
posterior HC for both conditions had positive beta weight values and the control 
condition in all three regions had positive beta weight values. It is not clear what 
deactivation in this region means given that hyperactivity in anterior HC is 
associated with decreased performance on pattern separation tasks. But it is 
possible that we are not seeing results in functional connectivity from this seed 
region because the area shows deactivation in BOLD signal.  The other 
possibility is that the anterior HC is not used in sequence disambiguation with 
higher numbers of overlapping associations. Due to the fact that the high overlap 
condition required that we combine the frame and face and we do not see results 
from our region of interest or functional connectivity analyses until the association 
time point, we can assume that the frame is not being used as a contextual cue 
in the way it is in the low overlap condition.  
It would be interesting to have participants do this task during EEG 
recording to get a sense of how oscillations, particularly theta, are responding in 
this task. Considering that we found functional connectivity between the HC and 
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lateral PFC during the cue period of the low overlap condition but not during the 
association period and not in the high overlap condition, we would be able to 
examine oscillatory activity in conditions where we saw HC-PFC interactions and 
those we did not.  
In addition, it would be interesting to better understand the deactivation we 
found in the anterior hippocampus in the high overlap condition. This deactivation 
increased during the association period. Is there a correlation between 
deactivation and performance on the task?  How does deactivation in the seed 
region affect functional connectivity to other brain regions? 
5.3  SUMMARY AND DISCUSSION OF EXPERIMENT THREE - THETA 
OSCILLATORY ACTIVITY DURING DISAMBIGUATION OF OVERLAPPING 
SPATIAL ROUTES 
In experiment 3, we examined theta activity as a means to more fully 
understand HC and PFC interactions during sequence disambiguation. EEG 
recording was used to determine the oscillatory activity during a maze task with 
overlapping spatial routes. One of the advantages to this study was that a very 
similar task had been done in our lab using fMRI and we were able to compare 
our results examining theta rhythms with the BOLD signal in a similar paradigm.  
At the beginning of the first hallway of the mazes we saw increased theta 
activity in both overlapping and non-overlapping mazes.  In overlapping mazes 
theta power was significantly stronger and occurred across a wider range of 
frequencies than in non-overlapping mazes. Brown and colleagues, using fMRI, 
found greater activation in the posterior hippocampus as well as in the inferior 
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and middle frontal gyri (vlPFC and dlPFC respectively) in the first hallway of the 
overlapping mazes.  
In the critical hallway of the maze, the overlapping mazes showed 
increased theta activity in frontal and central clusters at the beginning of the 
hallway and increased theta power in frontal clusters just before the turn in the 
hallway. The fMRI results showed increased posterior HC activity, orbitofrontal 
activity, and dorsolateral PFC activity in overlapping mazes during this hallway 
(Brown et al., 2010). 
Comparing our EEG results to the fMRI results suggests that interactions 
between the HC and PFC may underlie the ability to disambiguate between 
overlapping spatial routes. Other studies have shown correlations between 
context-dependent memory performance and theta power. Staudigl and 
Hanslmayr (2013) showed that single trial theta power was predictive of context-
dependent subsequent memory effects. In addition they found hippocampal 
theta-to-gamma cross frequency coupling that was context-dependent.  Jensen 
and Lisman (2005) suggested that theta oscillations reflect spatio-temporal 
context while gamma oscillations are involved in item processing.  If models of 
context-dependent memory are correct, contextual and item information are 
delineated in the HC and choosing the appropriate representation for the context 
is the responsibility of the PFC. Oscillatory activity may be the means by which 
this information is conveyed between the two brain regions. Previous research 
strongly indicates that the HC orchestrates selection of specific cell assemblies 
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during memory retrieval by determining oscillatory patterns in the cortex (Nadel 
and Moscovitch, 1997; Canolty et al., 2010; Battaglia et al., 2011). 
Watrous and Ekstrom (2013) created a model called the spectro-
contextual encoding and retrieval theory of episodic memory.  This model is 
based on cross-frequency coupling (CFC) and phase synchronization of cortical 
oscillations between brain regions. CFC occurs when the phase of low frequency 
oscillations modulates the amplitude of high frequency oscillations. They suggest 
that these two processes are necessary for interactions between the MTL and 
PFC during retrieval (McClelland et al., 1995; Buszaki, 1996; Nadel and 
Moscovitch, 1997; Eichenbaum, 2000; Nadel et al., 2000; Norman and O’Reilly, 
2003). Hyman et al (2011) suggested that synchrony of or entrainment to various 
frequencies is a way for the brain to select specific context-appropriate 
representations from the vast amount of ensembles in the cortex.  
One of the limitations of this study was that EEG recording was done in an 
unshielded room and due to the 50 Hz ambient noise we had to apply a filter to 
the data at this frequency which created an artifact in the upper gamma 
frequency range. Due to interactions between gamma and theta in both looking 
ahead and in communication between brain regions It would have been 
interesting to examine gamma as well as theta activity during this task.   
 The next step for this study is to examine phase synchronization and 
cross-frequency coupling to get a more complete picture of oscillatory activity 
during the task. It would also be interesting to examine oscillations during a non-
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spatial sequence task that requires disambiguation to see if we find a similar 
pattern of theta activity. It would be particularly useful to be able to test the 
hypothesis that memory-related theta in the lower theta frequencies is increased 
only during the task that requires disambiguation. 
 
5.5  CONCLUSIONS 
 This thesis combines data from fMRI and EEG to show that interactions 
between the HC and lateral PFC are integral to disambiguation of overlapping 
sequences, that thinking through the upcoming sequence may be the most 
effective strategy for this task, and that theta oscillations may be instrumental in 
allowing this process to occur.   
One of the things that ties the results of the three experiments in this 
thesis together is the role of predictive coding or thinking ahead in both neural 
activation and oscillatory activity.  It has been suggested that one of the functions 
of the hippocampus is that it is “intrinsically prospective” and that it has a role in 
creating representations that enable prediction of what is going to happen next 
(Klein et al., 2002; Zeithamova et al., 2012). Theta phase precession achieves 
this task regarding spatial location and it may be theta oscillations linking 
together cells assemblies in the cortex that enables prediction of a sequence or 
more complex task (Buszaki and Moser, 2013).  
The prefrontal cortex is at the peak of a neural hierarchy that seeks to 
integrate internal and external cues in the pursuit of goal-directed action 
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(Jackson, 1885; Fuster, 2015). The lateral PFC, in particular, is involved in the 
temporal organization around achieving goals. Patients with lesions to the lateral 
PFC lack prospective memory, making the ability to plan for the future impossible 
(Dobbs and Rule, 1986; Volle et al., 2011). Our results support a model of 
sequence disambiguation that relies on the HC to process information necessary 
for predicting the upcoming sequence and the PFC to integrate prospective 
processes with retrospective processes required to recall the correct response. 
From our EEG results, theta is involved in both the predictive component and the 
retrieval component of sequence disambiguation and may be the process that 
enables the HC and PFC to work together, similar to studies of MTL and PFC 
interactions in animal models (Siapas et al., 2005; Jones and Wilson, 2005; 
Hyman et al., 2011). 
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